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Abstract of thesis entitled: 
Surface Plasmon Resonance Photonic Biosensors Based on Phase-sensitive 
Measurement Techniques 
Submitted by Law Wing Cheung 
for the degree of Master of Philosophy in Electronic Engineering 
at The Chinese University of Hong Kong in July 2005 
In this thesis, novel techniques for arrayed multiple analyte photonic biosensor based 
on surface plasmon resonance have been investigated. We use the phase change 
during surface plasmon resonance as the basis for building a system for biological 
detection applications. Such a system should be reliable, compact, robust, user 
friendly and low cost. Our setup is aimed at fulfilling these criteria. In this thesis, two 
experimental setups are presented. It is easier to understand the working principle by 
evaluating our setups through the experiments involving single analyte detection. 
Indeed, after reading the results and discussions, readers will find that our system may 
be readily adapted to arrayed multiple analyte detection such as phase imaging. 
Firstly, a high sensitivity surface plasmon resonance biosensor based on the 
Mach-Zehnder interferometer configuration is presented. The novel feature of this 
setup is the use of a Wollaston prism through which the phase quantities of the p and s 
polarizations can be detected simultaneously. In our case, s polarization can be used as 
the reference signal since SPR only affects p polarization. With the aid of the 
Wollaston prism, two interferometers, one for the s-polarization while the other for the 
p-polarization, are working in parallel and as a result the light beams travel identical 
path. This differential approach allows us to eliminate common-mode noise so that a 
very high stability of our system can be achieved. Experimental results obtained from 
II 
glycerin-water mixtures indicate that our system detection sensitivity is significantly 
improved over that one reported in literatures. Real-time measurement capability is 
also achieved by using a phase extracting routine which continuously monitors the 
signal measured from two photodetectors. In order to further improve the stability of 
our system, we adopted a signal averaging scheme so that each data point is generated 
from a large number of measurements. We have demonstrated the measurement 
capability by monitoring of a) bovine serum albumin (BSA) and BSA-antibodies b) 
cell adhesion at the sensor surface. 
Secondly, we present another phase-sensitive surface plasmon resonance biosensor 
which uses the photoelastic modulation technique. This is a single beam system in 
which a photoelastic modulator is used to produce the modulation signal so that the 
phase difference can be extracted by measuring the relative amplitudes of the 
harmonic signals. Since there is no moving component and only single beam and 
single detector are used in the setup, precise component alignment and the use of 
detector arrays, which may be troublesome in making the setup compact and robust, 
can be eliminated. The most important aspect of using this phase detection approach 
is the possibility of performing multiple analyte detection because only one optical 
detector is needed in each channel. In order to demonstrate the operation of the 
proposed approach, two experiments were performed. The first one was to measure 
the refractive index change caused by varying the concentration of glycerin-water 
mixtures. The second one was to monitor the binding reaction between BSA and 
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Chapter 1 Introduction 
In the past decade, the development of affinity biosensors and their applications in 
environmental protection, bio-technology, life science, pharmaceutical research and 
security have a remarkable progress. Various optical methods have been utilized in 
biosensors and sensing technique based on fluorescence is frequently used. High 
sensitivity can be obtained from fluorescence-based biosensors but they require 
multi-step detection protocols and the use of labeling [1]. At the same time, 
biosensors based on the surface plasmon resonance (SPR) sensing technique have 
drawn many researchers' attention. The annual total number of research papers on 
SPR sensors increased from 10 to 390 in 1992-1997 [2]. The main reason for SPR 
biosensors to become a powerful tool in biological and chemical sensing application 
is their capability of real-time monitoring and label-free sensing. They are also able to 
provide quantitative measurement of equilibrium reaction constants and hence leading 
to the binding kinetics of the information of biomolecular interactions. Thus, over 
75% of the research papers in this period have reported on the applications of SPR to 
biomolecular interaction analysis. This clearly illustrates the importance of SPR 
technology. 
The basic SPR apparatus is generally constructed from the Kretschmann configuration. 
This configuration is used in our experiments and its details will be discussed later in 
this thesis. A thin metal film is coated on one face of a prism or alternatively coated 
onto a glass slide which is attached to the prism with the aid of optical matching oil. 
This metal film is our sensing surface. A custom-made chamber is fitted to the prism 
to allow the sample flowing into the sensor head. Laser beam is launched into the 
prism where a portion of the light energy is coupled to the surface plasmon and a 
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portion of the light energy is reflected off from the metal film to the photodetectors. 
The change of optical properties (e.g. intensity, wavelength and phase) of the reflected 
light is affected by the refractive index changes near the sensor surface. Conventional 
techniques for extracting information of SPR are primarily concentrated in analyzing 
the intensity [3，4，5], angular [6’ 7] and wavelength [8，9, 10] within the resonant dip. 
Recently, much of the research attention of SPR sensing techniques has been on 
measuring SPR phase shift because it can provide an extremely high sensitivity due to 
the resonant phase behavior which exhibits a steep phase jump [11]. The first reported 
experimental setup for SPR phase measurement came from Grivgorenko and Nikitin 
who successfully demonstrated the measurement of SPR phase using an 
interferometer [12]. More recently, they demonstrated two-dimensional SPR phase 
imaging with a static Mach-Zehnder interferometer [13]. However, the main 
drawback of this design is its susceptibility to mechanical movements in the optical 
components which may degrade system sensitivity. 
In this project we propose a new scheme to eliminate this kind of measurement 
fluctuations. The main feature of the new scheme is to perform two interferometers 
(for p polarization and s polarization) in parallel. Since the SPR phenomenon only 
affects p-polarization, p-polarization will be the probe beam while s-polarization will 
be the reference beam. Due to the fact that both the probe beam and the reference 
beam traverse identical optical paths, common-mode noise due to small mechanical 
vibrations and movements can be eliminated. In addition, a digital signal analysis 
program has been developed to eliminate the noise and extract the phase information 
in real-time manner. 
Apart from interferometery, we can measure the phase quantities in SPR in 
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non-interferometery approach. In the second part of the thesis, we present another 
system in which a photoelastic phase modulator is used to produce a carrier signal so 
that we can extract the phase quantity by measuring the amplitude of harmonic signal. 
The detection method has previously been reported by us for measuring the 
birefringence distribution in a silicon wafer under certain bending stress [14]. In fact, 
the SPR optical phase, which is also expressed as retardation angle 6, can be 
measured in this birefringence detection system. Experiments are carried out to show 
this simple single beam, single photodetector technique can be readily adapted for 
performing SPR phase measurement and for arrayed multiple analyte detection. 
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Chapter 2 Literature Review 
In the past two decades research and development activity in optical sensor 
methodology and its sensing applications have a remarkable increase, especially in the 
chemical and biological related area. They are aimed at optimization of optical 
sensors to become a common analytical tool in research and health-related 
applications. The first optical chemical sensor for the measurement of CO2 and O2 
concentration was based on the measurement of changes in adsorption spectrum [2]. 
Since then a large number of optical sensing configuration have been used in 
chemical sensors and biosensors such as interferometry (white light interferometry, 
interferometry in optical waveguide structures), spectroscopy (fluorescence, Raman, 
luminescence, phosphorescence), spectroscopy of guided modes in optical waveguide 
structures (grating coupler, resonant mirror), ellipsometry and surface plasmon 
resonance (SPR). For these sensors, the sensing principle is determined by measuring 
the absorbance, refractive index and fluorescence properties of analyte molecules or a 
chemo-optical transducing medium [15，16，17]. 
The initial development of SPR sensing technology was proposed by Wood in 1902 
who described the phenomenon of the loss of light incident onto a grating. In 1941 
Fano suggested that this was an excitation of electromagnetic surface wave. The 
concept of surface plasmon (SP) was theoretically explained by Ritchie in 1957. In 
1959 Turbadar provided solid evidence to the SPR-phenomena experimentally and 
showed that it could be predicted by the well-known thin film theory. At the same 
time Powell and Swan verify Ritchie's prediction in 1960. The real interest of SPR as 
a method to measure refractive index started in 1968 when Otto presented the 
attenuated total reflected (ATR) method to excite surface plasmon optically through 
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an air gap [26]. Then Kretschmann proposed another method for surface plasmon 
excitation by applying a thin metal film directly deposited on a prism surface. This is 
called as Kretschmann configuration, which is the same configuration proposed by 
Turbadar in 1959 [18]. In the next two decades, the application of SPR sensing 
technique had been concentrating on the characterization of thin film [19] and 
monitoring processes at metal interfaces [20]. The SPR phenomenon was applied to 
the field of chemical and biological sensing after 1982 [3, 4]. A practical system for 
gas detection and biosensing was proposed by Nylander and Liedberg [3, 4]. SPR 
sensing has been receiving growing attention from the scientific community after the 
initial eighty years and since then a great progress of research work has been done 
towards SPR optical biosensing application. Nowadays, the SPR sensor technology 
has been successfully commercialized by several companies and has become a 
leading technology in the field of real-time measuring ofbiomolecular interactions. 
2.1 Surface Plasmon Waves 
Surface plasmon waves (SPW) are the charge density oscillations that occur at the 
interface between metal and a dielectric medium. This is a transverse magnetic (TM) 
polarized wave (the magnetic field vector is parallel to the plane of interface and 
perpendicular to the direction of propagation). The SPW propagates along the 
interface and exponentially decays into both media in normal direction to the interface 
[21，22]. The field falls to 1/e in term of the skin depth (z) in the metal and the 
dielectric medium are described as follow: 
In metal: z…=—Im< " ^ � > (2.1) 
� J 
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In dielectric: z" = ImUs^, (2.2) 
where A is the wavelength of laser source, £ m and e d are the dielectric constant 
of metal and dielectric respectively. 
The propagation constant of the SPW propagating at the interface between a 
semi-infmite dielectric and metal is expressed as: 
P = K ^ ^ (2.3) 
where k, e m and ng denote the free space wave number, the dielectric constant of the 
metal ( e m = £ mr + ^  £ mi) and the refractive index of the dielectric respectively [22]. 
The sample probing area is localized because of the limited propagation length of 
SPW [23]. In SPR sensors, the SPW must be optically interrogated, which means the 
wave vector of the interrogating light must be matched to the SPW wave vector 
(further explanation will be given in the next section).The wave vector component of 
SPW is equal to the real part of the SPW propagation constant, i.e. ksp = Re[/3]. 
Furthermore, since kgp must have a real component for SPW to exist, the optical 
properties of the metal must satisfy the condition e mr < -ng .^ Metals which fulfill this 
requirement include gold, silver and aluminum [24]. Gold and silver are commonly 
used in SPR sensors because they have relatively high resistance to chemical reaction 
and also they can offer better sensitivity. For these two metals a comparison of their 
main characteristics of SPW propagating along the metal-dielectric (water) interface 
is tabulated in Table 2.1 
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Metal layer Light Penetration Penetration 
Propagation 
supporting source X depth into depth into 
length (/zm) 
SPW (nm) metal (nm) dielectric (nm) 
630 19 24 219 
Silver 
850 57 23 443 
630 2 29 162 
Gold 
850 24 25 400 
Table 2.1 Major characteristics of surface plasmon wave at the metal-water interface 
[25] 
One should notice that the propagation wave vector of SPW is always higher than that 
of the incident optical wave vector and thus the SPW cannot be excited directly by an 
incident light at a planar metal-dielectric interface. Thus, the momentum of the 
incident optical wave vector must be enhanced by applying attenuated total reflection 
(ATR) scheme. General coupling schemes use prism couplers, optical waveguides and 
diffraction gratings. 
2.2 Excitation of Surface Plasmon 
Surface plasmons have been extensively studied by electronic excitation for several 
decades [22，26]. The conditions for coupling and subsequent excitation of SPs are 
that the incident particle (or optical wave) must be matched with the SPs in both 
angular frequency and momentum. Fig. 2.1 shows the experimental setup of electron 
excitation scheme. Although it is simple, high-vacuum apparatus is needed. When the 
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electrons hit on thin film surface, the energy AE, and the momentum hq/2 tt, are 
transferred to the electrons of the solid [22, 26]. The projection of vector q on the 
x-axis is called kx which determines the wave vector together with the dispersion 
relation. The energy loss of the scattered electrons A E = is measured. Upon the 
scattered angle of electron, 6，the energy of electron transfers in different 
momentum accordingly, given by the following expression: 
二 M:丨 sinO 
In In ‘ 
h is the Planck's constant. The wave vector kx can thus be matched with that of SPs. If 
the energy of the scattered electrons is measured at different angle, 6，the surface 
plasmon energy is observed as a drop in the intensity of the reflected beam at a 
particular 6 which is related to the plasmon frequency. 
ke� 
i 
I Metal Thin Film 
I / 





Fig. 2.1 Excitation of surface plasmons by electrons in transmission of thin films, kd 
and kei ‘ are the wave vector of projecting and scattered electron respectively, q, the 
wave vector transferred to the film and its projection on the surface kx. The 
dispersion relation determines the energy 节f of the SPs. 
Chapter 2 Literature Review 2-6 
2.2.1 Surface Plasmon Coupling Schemes 
For the optical excitation of SPs，three simple coupling schemes, namely ATR prism 
coupler, optical waveguides coupler and grating coupler, are commonly used to 
transfer energy from photons to surface plasmons. 
a) ATR prism coupler 
Attenuated Total Reflection (ATR) prism coupling scheme (Fig. 2.2) has been widely 
used in SPR phenomenon studies and its sensing applications. The incident light is 
passed through a dielectric medium, typically quartz or glass (usually in the form of 
prism), whose refractive index n is greater than the surrounding medium. This 
optically dense medium (higher refractive index) is used to increase the momentum of 
the photons and thus enhances the incident wave vector. By the definition of the speed 
of light (v) related to the refractive index (iip) of propagation medium v = c/rip (c is 
speed of light in vacuum), it can be predicted that the phase velocity of the light in a 
higher refractive index medium is slower than in air. A new dispersion relation for 
incident light wave with a component parallel to the metal film surface, therefore 
yielded, 
宇 sin 约 . < 2 (2.5) 
The momentum of photons can therefore be enhanced by either using a higher 
refractive index of prism ( e p"2) or using a higher incident angle ( 6 i). SPs will be 
excited when the thickness of the metal film coated on the prism surface is thin 
enough so that the momentum of incident wave can be matched to propagation vector 
ofSPWi.e. 
2n 
K = — ( 2 . 6 ) 
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where kx is the x-direction component of the propagation constant in the substrate, 6 \ 
is the incident angle, kgp is the wave vector of SPs which is the real part of 
propagation constant . Therefore, the effective refractive index (iisp) of boundary 
between metal thin layer and sample is : 
L K + � J 
At resonance, excitation of surface plasmons can only occur under total internal 
reflection and thus the angle of incident must be greater than the critical angle, 6 c. 
This is called ATR coupling scheme as shown in Fig. 2.2a. The SPs are excited as 
evanescent field and that field can penetrate the metal film only if the metal layer is 




Prism / \ (a) Prism / \ 
X . 丄 z , ^ X , 
Sample . 恥 知 ; : s d Metal 呢已 m 
Metal I ' 〜 丨 y Sample 
(b) (c) 
Fig. 2.2 a) ATR coupling scheme, b) Otto arrangement, dielectric sample lies 
between the prism and the metal, c) Kretschmann configuration, metal film are 
coated on a prism surface and SPs is coupled by the evanescent field 
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Two simple configurations using ATR prism coupler to couple the energy from 
photons to surface plasmons had been proposed and successfully demonstrated by 
Otto and Kretschmann. It was the first successful observation that the energy in an 
optical beam is transferred to surface plasmon resonance in the form of evanescent 
field where total internal reflection occurred. 
In 1968，Andreas Otto developed the first technique for optically exciting a surface 
plasmon wave on a smooth surface [27]. Fig 2.2 b) shows the Otto configuration. In 
the Otto geometry, the metal film is separated from the prism surface by a thin gap of 
low refractive index material, typically air or vacuum. The distance of the gap, d, is 
about one X from the glass prism. At the prism-air interface, an evanescent wave 
penetrates across the air gap to excite SPW at the air-metal interface. Since the 
condition of surface plasmon resonance is very dependent on the gap，this 
configuration is suitable for solid phase studies. Moreover, it is less suitable for 
biosensing application in liquid form because it is very difficult to control the liquid 
flow in nanometer scale. Unfortunately, the coupling efficiency is reduced if the 
distance between the prism surface and the metal becomes too large. In addition, 
some practical issues make this configuration not commonly use is the difficulties to 
obtain a very accurate air gap [26，28]. Kretschmann made a fundamental change to 
the Otto configuration when he realized that the metal itself could provide the 
condition to transfer energy from the incident light to SPW by the means of 
evanescent wave [28]. As shown in Fig. 2.2 c), the air gap of the Otto configuration 
has been replaced with a metal thin film in the Kretschmann configuration. 
Evanescent waves created at the prism-metal interface penetrate the metal film to 
excite SPW at metal-sample interface if the thickness of metal is thin enough. Since 
the electric field of the energy penetrating the metal film decays exponentially in a 
direction perpendicular to the interface, the interaction strength is a function of metal 
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thickness. However, if the metal film is too thin, the interaction will be too strong and 
some of the optical energy will be reradiated rather than absorbed by SPW. The 
practical thickness of the metal is nominally 15nm to 70nm depending on the material 
selection and its application. The Kretschmann configuration is used widely in 
sensing applications over the Otto configuration because: 1) high coupling efficiency 
to surface plasmon; 2) surface plasmon contacts directly with the ambient (easier for 
flowing the sample); 3) easier for fabricating a metal film on the prism surface over 
making an air gap (in nm size) in the Otto configuration. The Kretschmann 
configuration plays an important role in practical SPR sensors development history 
and our experimental design described in this thesis is also based on the Kretschmann 
configuration. 
b) Grating Coupler 
A diffraction grating is another optical method to match the momentum of incident 
photons and surface plasmons. As shown in Fig. 2.3，it is commonly used to modify 
the photons momentum by diffraction of light at its surface. Periodic distortion of the 
metal-dielectric interface splits the incident optical wave (wave momentum: k = 2 tt / 
A ) into a series of beams reflected at different angles. This changes the direction of 
momentum, a portion of which is aligned along the interface of the diffraction grating 
[29]. If the component of momentum along the interface of a diffracted order matches 
to the surface plasmon wave, the optical wave will couple to the SPW. Consider a 
grating with grating constant a (the distance between two grooves), the component 
of diffracted light along x-axis is: 
、 … 二 今 打 s — i 僅 G = � p (2.7) 
where ng is the refractive index of sample, 6 is the angle of incidence, G is the 
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grating wave vector (G = 2 tt / a ) a is grating constant and kxm is the wave vector of 
the diffracted optical wave. It is assumed that the dispersion relation of SPW is not 
affected by the grating. The momentum conservation for an SPW excitation by a 
diffraction grating may be rewritten as [30]: 
« , s i n � + m A = 士 卜 ( 2 . 8 ) 
Incideni 
optical wave m = 0 
\ m = -1 力 
\ r 
Grating ^ Ot ^ 
Perspex or Glass 
Fig. 2.3 Grating coupler-based SPR system 
Similar to the prism coupler scheme, portion of incoming photons energy is 
transferred to the surface plasmons in grating-based optical structures. It can be 
observed by the variation of the reflection dip at a certain angle of incident light with 
a fixed wavelength [31], the wavelength spectrum at a particular angle of incident [32, 
33，34] or the reflected light intensity variation at SPR [35]. 
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c) Waveguides Coupler 
Buffer layer M e t ^ ^ ^ P l e 
Waveguiding 
Substrate 
Fig. 2.4 Waveguide-based SPR system: the field distribution is changed from a 
waveguide mode into a guided surface plasmon coupled mode [36]. 
In general, optical waveguides are in the form of planar or channel waveguides grown 
on a substrate surface. They are frequently used in sensor-basis application because 
they can provide numerous attractive features such as a simple way to control the 
optical path in the sensor system (efficient control of properties of light) 
compactness and so on. The concept of SPW excitation in an optical waveguide-based 
SPR sensing structure is, in principle, similar to that of Kretschmann ATR coupler. In 
Fig. 2.4, when the light wave enters the region with a thin metal overlayer, it 
evanescently penetrates through the metal layer. If the SPW and the guided mode are 
phase-matched, the light wave excites SPW at the metal-sample interface. 
Theoretically, the sensitivity of waveguide-based SPR sensors is approximately the 
same as that of the ATR configuration. 
Currently, optical fibers are very attractive in making devices because optical fiber 
SPR sensors present the highest level of miniaturization, allow for chemical and 
biological sensing in everywhere due to the mechanical flexibility and the ability to 
transmit optical signals over a long distance. The use of optical fibers for SPR sensing 
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was first proposed by Jorgenson and Yee [9]. Although optical fibers seem to be 
slightly different from the prisms used in the Kretschmann configuration, their 
working principle is almost the same. 
n^ (Cladding) 
Incident l i gh t ^ ^x - ^ ^ ^ ^ ^ 
n. (Core) 
1% (Cladding) 
2 ^^ 门2 > n. 
Fig. 2.5 Light is guided in the fiber by the means of total internal reflection. 
A simple structure of a step index optical fiber is illustrated in Fig. 2.5. When total 
internal reflection occurs, the light is confined in the core for propagation. One 
condition should be fulfilled is that the angle of incident, 6 /，must be larger than the 
critical angle. In order to excite surface plasmons, a short lateral section of the fiber is 
polished down towards the core until the evanescent wave is exposed. Then a metal 
layer that supports SPR is deposited on the polished surface. Since the launching 
angle cannot be changed, due to the fact that SPR condition depends on the angle of 
incidence, another tuning method must be employed to get the sensor system to adapt 
in different sensing applications. We can tune the effective refractive index that the 
system will respond by coating a thin dielectric film on the top of the metal film in 
order to locate the response of the sensor into the region of interest. Variation in the 
refractive index of the sample can be observed by measuring the variation of 
transmitted optical power when monochromatic light source is used. On the other 
hand, for broadband light source, response can be detected by measuring the spectrum 
of output light [38]. Generally, lower stability performance is obtained from the use of 
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multimode optical fiber in SPR-sensing device. The modal distribution (i.e. the 
number of modes supported in an optical waveguide) of light in the fiber is very 
sensitive to mechanical disturbances and the disturbances occurring close to the 
sensing area of the fiber may cause modal noise. One of the possible solutions is 
replacing the fiber with single-mode optical fiber [39，40], in which a higher order of 
magnitude in resolution is achieved. 
2.3 Detection Techniques used in SPR sensors 
Surface plasmon resonance sensors are suitable for many sensing applications because 
they are extremely sensitive to small changes of refractive index near the sensor 
surface. The electromagnetic field of SPW is strongly concentrated in the dielectric 
and has a penetration depth about 200nm in the dielectric layer for a wavelength of 
630nm and thus making SPR sensor surface sensitive. The ability to couple the 
incident light to SPW in resonant condition offers us opportunities for interrogating an 
SPR sensor using a variety of techniques. These techniques are primarily concerned 
with analyzing the angular [41，42], intensity [43] and wavelength [8，40，44] 
properties in the reflected beam. Recently, research attention of SPR sensing have 
shift to measuring SPR phase shift [45, 46，47]. In this section, a comparison of 
different detection techniques based on SPR phenomenon will be presented. 
Eventually, we choose phase as our measurement technique due to its behavior 
exhibits a steep jump in resonant condition. 
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2.3.1 Angular Interrogation 
The angular interrogation technique involves measuring the reflected light intensity 
for a certain range of angles with monochromatic light. Fig. 2.6a shows a theoretical 
SPR angular reflection dip obtained from a range of incident angles. The location of 
the minimum reflected light intensity is often referred to the coupling angle ( 6 spr). 
Fig. 2.6b shows an angular interrogation calibration plot showing how 6 spr changes 
as a function of refractive index (RI) of a sample (nsampie). The simulation conditions 
are that a He-Ne laser operation at 632.8nm is used as the light source and a 50nm 
silver film is coated on SF-18 glass prism. 
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Fig. 2.6 Typical SPR angular interrogation curve [48]: a) reflected TM polarized 
light intensity versus incident angle, where minimum intensity is the coupling angle 
((9spr), b) calibration of system from plotting 0 spr versus risampie 
Chapter 2 Literature Review 2-15 
2.3.2 Wavelength Interrogation 
Apart from the angular interrogation, the SPR phenomenon can be observed by 
analyzing the spectral properties of the reflected beam. This is due to the fact that the 
dielectric permittivities of the prism, the metal film and the sample are wavelength 
dependent. In this case, a broadband light source is used. The spectrum of the 
reflected light beam which contains the SPR information is studied using a 
spectrometer. Similar to the case of angular interrogation, the reflected spectrum 
experiences a spectral absorption dip caused by resonance (Fig. 2.7a). The location of 
the spectral absorption dip is known as coupling wavelength (X spr). As the refractive 
index of the sample changes, the SPR coupling wavelength will also shift. The 
calibration curve in Fig. 2.7b shows the relationship between spectral dip shift and the 
refractive index of sample. The simulation condition is the same as in Fig. 2.6b and 
assuming white light incident at a fixed angle of 55.3° (i.e. the location of minimum 
reflection intensity). 
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Fig. 2.7 Typical SPR wavelength interrogation curve [48]: a) Reflected TM 
polarized light intensity versus incident wavelength, where minimum intensity is the 
coupling wavelength (A spr). b) Calibration of system from plotting A spr versus 
f^sample 
Chapter 2 Literature Review 2-16 
2.3.3 Intensity Interrogation 
Intensity interrogation is the most direct means of SPR measurement. One simply 
needs to measure the intensity at a fixed value of incident angle or wavelength. As 
shown in Fig. 2.6a and 2.7a, the intensity is varied as a function of nsampie as the 
resonance curve shifts. However, it is not a practical method for experimental use 
because this cannot distinguish between the changes in nsampie from other variations in 
the experimental setup, e.g. unstable of light source. 
2.3.4 Phase Interrogation 
The phase behavior has been found to exhibit a steep change across the SPR 
absorption dip [50, 51]. This phenomenon can be predicted by Fresnel reflection 
equation and the rapid phase change in the reflected light corresponding to variation 
in the refractive index of sample. The simulation result of silver film with different 
thickness is shown in Fig. 2.8. The conditions of simulation are A =633nm and 
^,•=55.3 °. Based on the simulation result, we can predict that phase interrogation 
technique provides extremely high sensitivity on changes of refractive index (RI) of 
the sample. 
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Fig. 2.8 Simulation result of SPR phase response curve versus refractive index of the 
sample with different silver film thickness [49] (dotted line: phase; solid line: 
amplitude). 
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2.3.5 Commercial SPR biosensors 
LED 
Polarized 
- y ^ Lens 
\ y / / system 
Fig. 2.9 Schematic diagram of SPR principle used in the commercial BIAcore 
instrument. 
The development of SPR sensor technology for biological application received a great 
spur in 1990, when the first commercial SPR biosensor was launched by BIAcore 
International AB. Afterwards, BIAcore has developed a range of SPR 
laboratory-based instrument to enable the use of SPR biosensors technology for 
biomolecular interaction kinetic analysis, affinity measurements, screening and 
concentration assay [25]. Fig. 2.9 shows the schematic diagram of their design [52]. A 
high intensity (760nm) LED is used as the light source. The main feature of this 
design is the use of lens system providing a range of incident angles (65-71� ) to the 
sensing surface and thus it is not necessary to install a high precise rotational stage so 
that a higher stability of system can be achieved. A high-resolution photodetectors 
array is required to ensure high sensitivity. They guaranteed an accuracy of 0.0001� 
shift of resonance angle. 
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Fig. 2.10 Cross section of the Spreeta 2000, a SPR sensor from TI [53] 
An alternative design of biosensor was proposed by Texas Instruments Inc (2001)[53]. 
The use of novel miniaturization of fabrication methods enable the entire device to be 
integrated into one molded transducer as shown in Fig. 2.10. A narrow-band infrared 
AlGaAs LED (wavelength 830nm) is employed as the light source. The range of 
incident angle is provided by a fixed aperture accompanied with a polarizer. The light 
beam is diverted at different location of the sensing layer corresponding to different 
angle of incident. Also, a high-resolution photodetectors array is required to collect 
the SPR information from the reflected light. Sensitivity as high as 3.7 x 10'^  RIU 
(Refractive Index Unit) can be obtained from this sensor. 
2.3.6 Comparison between Detection Techniques 
Several detection techniques will be compared in this section by comparing their 
ability to resolve the smallest change in refractive index, a n，the local slope in Fig. 
2.6b, 2.7b and 2.8 multiplied with the resolution of the instrument {o A). Take 
wavelength interrogation technique as an example: 
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An cr„ =——O", “ A X A 
where A n / A A is the local slope from the theoretical value and a x is the 
resolution of the instrument. The comparison of local slope, instrument resolution and 
calculated RI resolution ( a n) are given in Table 2.2. 
Interrogation Local slope Instrument Calculated RI 
technique resolution resolution (an) 
Angular 1.5 x 10"^  Rl/deg 1 x 10"^  deg 1.5 x 10"^  
Wavelength 1.8 x 10"^  Rl/nm O.Olnm 1.8 x 10"^  
Phase 2.0 X 10-5 Rl/deg 2.5 x lO'^  deg 5 x 1 (T? 
Table 2.2 Comparison between different detection techniques and corresponding 
calculated SPR refractive index resolution [48]. 
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2.4 Applications of SPR biosensors 
Two major applications of SPR biosensors are in detection and identification of 
biomolecules and analysis of biomolecular interactions. Numerous SPR biosensors 
have been reported [49’ 53, 57] for detection and identification of analytes. These 
biosensors use different platform designs, detection methods and biomolecular 
recognition elements. The choice of system depends on size of target analyte 
molecules, recognition element, bind characteristics and the analyte concentrations. If 
the concentration of the interested analyte produces a sufficient response, direction 
detection is preferred. If necessary, a secondary biomolecule may be coupled to 
increase the analyte mass in order to improve the lowest detection limits. Smaller 
analytes (molecular weight < lOOOamu, lamu = 1.66 x 10"'^ng) are usually measured 
using inhibition assay. 
Detection of small analytes 
SPR biosensors have been demonstrated for small analytes relevant to environmental 
protection, medicine and food safety [65，66，67]. Detection of the triazine herbicide 
simazine (molecular weight = 201.7) in water was demonstrated using a binding 
inhibition assay with anti-simazine IgG antibodies or anti-simazine Fab fragments. 
The lowest detection limit was determined to be 0.16ng/mL for anti-simazine IgG 
antibodies and O.llng/mL for anti-simazine Fab fragments[65]. Sakai group 
developed the other SPR biosensor for the detection of drug, methamphetamine 
(molecular weight = 149.24)，using binding inhibition assay and the lowest detection 
limit was found to be 0.1ng/mL[66]. 
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Detection of medium-size analytes 
Botulinum toxin (molecular weight = 150 x 10^) is an example of medium size 
analyte detected by SPR in food safety-related applications. Choi et al. demonstrated a 
direct detection of botulinum toxin using a SPR biosensor (BIAcore X). This 
biosensor was able to detect a concentration of 2.5 (i g/mL[67]. 
Detection of large analytes 
Representative of large analyte targeted by SPR biosensor technology include 
bacterial pathogens such as Escherichia coli. It belongs to large analytes category 
because of its long chain so we will measure its ability to give rise to monoclonal 
colonies i.e. colony-forming unit (cfU). Fratamico et al. demonstrated the detection of 
Escherichia coli 0157:H7 using SPR biosensor and sandwich. They used monoclonal 
antibodies immobilized on the sensor surface to capture E. coli head and polyclonal 
secondary antibodies for enhancing the response. The lowest detection limit for E. 
coli was determined to be 5 x 10^ cfu/mL. 
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Chapter 3 Principle of Surface Plasmon Resonance Sensing 
Technology 
In this chapter the principle of SPR sensing technology will be described. Among the 
different techniques for SPs excitation such as prism coupler, grating coupler and 
waveguide coupler, we shall focus on the most popular one, ATR prism-coupling 
scheme. Our experimental designs are also based on the ATR configuration. 
3.1 SPR Phenomenon 
Before describing SPR phenomenon, it is helpful to start with the phenomenon of 
total internal reflection of light at the interface of two non-absorbing media. It can be 
explained by using Snell's law (Eq. 3.1). Fig. 3.1 illustrates the conditions. When a 
light ray propagates from optical denser medium (prism) to a less dense medium (air), 
the light is refracted toward the interface according to: 
/ \ 
/I, sin 二�2 sin = sin"' — (3.1) J 
where 6 i and 6 2 are the incident (0,.) and refracted {Or) angle respectively in Fig. 
3.1，G c is the critical angle. 
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Fig. 3.1 a) Light passing from an optical denser medium to less dense medium one 
and refraction occur when Of < critical angle, b) Total internal reflection occur when 
9i > critical angle and no light travel into the less dense medium. 
When the angle of incident increases and reaches the critical angle, the reflected light 
will propagates parallel to the interface to the surface. As the angle of incidence is 
larger than the critical angle, all of the light is reflected inside the medium. Total 
internal reflection (TIR) occurs (Fig. 3.1b). 
The net energy of the light beam does not lose across the interface between two media 
under TIR condition but it does leak an electric field called an evanescent field wave 
in the less dense medium. The wavelength of evanescent wave is identical to incident 
wave and the amplitude decreases exponentially with increasing distance from the 
interface. The evanescent wave is induced in all situations where TIR occur. In fact, 
an interesting phenomenon has been observed when it is allowed to interact with a 
conducting layer such as metal. If such metal film is thin enough, the evanescent wave 
can penetrate into the metal layer and excite the electrons to oscillate at the metal 
surface. The excited electromagnetic waves propagate within the metal surface at the 
interface with dielectric sample layer. These oscillating electron waves are called 
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surface plasmon waves (SPW) and their propagation properties are analogous to 
photons in light waves. In accordance to the quantum theory, a plasmon is the particle 
name of electron density waves. 
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Fig. 3.2 a) ATR configuration of three layered structure is used for SPW excitation 
by p-polarized light. The momentum vector of incident light wave (kx) is enhanced 
by a high refractive index prism for matching ksp. b) The evanescent field E decays 
exponentially into both metal/sample media. 
Fig. 3.2 illustrates the phenomenon of SPR, the excited charge density oscillation is 
propagating along the boundary between the metallic film and the dielectric. The 
maximum amplitude of the field occurs at the interface and then decays exponentially 
away from the surface. In order to couple the photons energy to SPW, the orientation 
of the electric field vector in incident light must be equal to the orientation of free 
electrons oscillation at the metal film. Thus, only p-polarization can excite SPW 
because this particular polarization has the electric field vector oscillating normal to 
the plane that contains the metal film. The s-polarization cannot couple to SPW since 
its electric field vector is oriented parallel to the metal film. Fig. 3.3 gives a clearer 
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definition of s- and p- polarizations. This phenomenon allows us to employ 
s-polarization as a reference because it undergoes simple reflection at the metal 
surface 
2 
Metal film x 
z yf / / / / /1 / •• 
/ Prism 
/ 
Transverse Electric Transverse Magnetic 
(TE) Polarization (TM) Polarizatior 
Fig. 3.3 Definition ofTE (s-) and TM (p-) polarization of light 
The surface plasmon in non-magnetic material of metal such as gold and silver will 
also be p-polarized and an enhanced evanescent wave field will be induced as it 
propagates long the metal surface. The evanescent field induced by total internal 
reflection at a non-coated interface only penetrates a short distance into the less dense 
medium, Fig. 3.4 shows the detail: 
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Fig. 3.4 Enhanced evanescent wave field generated by SPR is of the order of one 
wavelength into the medium on the opposite side from the reflected light, decaying 
exponentially from the surface (solid line). The dotted line shows the strength of the 
evanescent wave field generated by total internal reflection in the absence of metal 
film (no SPR). [54] 
3.2 Conditions for Surface Plasmon Resonance 
It is essential to understand the condition of SPR by considering the momentum of 
incident light and the surface plasmons. In mathematical model, the momentum of 
incident light can be considered as vector. It can be resolved into two components: 
one is parallel (kx) and one is perpendicular (kz) to the boundary of metal film and 
sample medium (see Fig. 3.5). The magnitudes of these two components can be 
modified by changing the incident angle (0,). The momentum of SPW is confined to 
parallel to the boundary and its magnitude is affected by factors such as thickness of 
the metal layer, materials and the surrounding media. SPW can be generated in 
several metals only (e.g. gold and silver) if the momentum of the incident light vector 
parallel to the boundary (kx) is matched to the momentum of SPW (ksp). 
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Fig. 3.5 The momentum of the incident light can be resolved into kx and k^. SPR occur 
when kx = ksp (i.e. momentum matched to surface plasmons) 
Under resonant condition, a portion of the incident light energy is transferred to 
surface plasmons. Therefore, the intensity of the reflected beam is reduced. Due to the 
fact that the magnitude of kx is depending on the incident angle, a reflectivity angle 
dip {^ SPR ) is observed. An evanescent field associated with the SPW travels for a 
short distance (~200nm) into the sample medium from the metallic film. Because of 
that reason, Qspr will also depend on the refractive index of the sample medium. 
There are two ways to modify the incident light momentum which is parallel to the 
boundary and matched to the momentum of the surface plasmons. One is to change 
the wavelength in order to change the incident photon energy and thus the momentum; 
the other is to change the angle of incident which changes the magnitude of the vector 
component parallel to the surface. In other words, when either one parameter (incident 
angle or wavelength) holds constant, the other one can be used to study the 
phenomenon of SPR. 
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3.3 Wave vectors 
In order to have a better understanding of SPR phenomenon, resonance conditions are 
explained with the aid of wave vectors. Wave vectors are mathematical expressions 
that describe the propagation of light and other electromagnetic phenomena. Under 
SPR condition, the wave vectors that describe both the light and surface plasmon 
should be equal to each other. This is known as wave vector matching. A high 
concentration of electromagnetic field associated with SPW will be generated in both 
metal and dielectric layer. Therefore, the condition for resonance is very sensitive to 
the change of optical properties in the sample and the metal medium. The expression 
of the wave vector of incident light and that parallel to the interface is given by: 
A:,=A:。/V,",sin 代 （3.2) 
where ko = 2 tt / A is the free space wave vector, nprism is the refractive index of the 
prism and 6 is the angle of incidence. The surface plasmon wave vector is described 
as following: 
" 印 = R “ 。 卜 > (3.3) 
\ 8metal + 它sample 
where e metai and e sample are the dielectric constants of metal and sample 
respectively. Disregarding the imaginary part of e metai，ksp can be rewritten as follows: 
K = k 打打— (3.4) 
\ nmteal + ^sample 
1/2 • 
Where rimetai = ( £ metal) is the complex refractive index of the metal and 
nsampie = ( £ sample) ^ ^^  is the refractive index of the sample. 
As the dielectric constant of glass prism, metal film and sample are wavelength (A) 
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dependent, the dispersion relation for surface plasmon excitation at the interface 
between metal, dielectric and sample are given by: 
ng,咖.sin 没 = 卜 〜 e 1 (3.5) 
V ^metal + ^sample 
The imaginary part of the complex refractive index term is representing the modal 
attenuation which is commonly encountered in Beer's Law for transmission-based 
absorbance spectrophotometers. SPR sensing technique is mainly detecting the real 
refractive index change due to the chemical or biological action. Therefore, we would 
neglect the imaginary part. 
3.4 Surface Plasmon Resonance described by Fresnel's Theory 
In SPR sensors, a simple Kretschmann configuration is commonly used. In this 
glass-metal-sample stack structure (Fig. 3.6)，we are interested in the optical 
properties of the reflected beam in SPR condition. For understanding the SPR 
reflection curve, a theoretical explanation based on Fresnel theory in a multilayered 
system is desirable. For present case, as the derivation of Fresnel reflection coefficient 
is well documented in literature [55], after the multiple reflections between the 
boundaries, the reflection coefficient (r^s) is given by 
广 一 1 r 、丄UJ 
1 + "12 "23 
where d is the thickness of the metal film, rij is the Fresnel coefficient of 
p-polarization between medium-/ and medium-j in the three-layer system given by: 
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2 —Z £ r , = — — — L where Z,.=丄 (3.7) 
And kzi is the component of the wavevector in medium-/ in the z-direction given by: 
(3.8) 
Then rewrite the reflection coefficient of the TM (p-) and TE (s-) polarizations in the 
form 
rp = rpC " 二 r\e，s 
where A 0 = (/»p - 0 s is the phase difference between the p- and s- polarization. 
From the above equations, we can predict the relationship between the phase 
quantities and SPR conditions. 
Incident Reflected light 
/ \ / \ / n^ (Metal) 
Hg (Sample) 
Transmitted light 
Fig. 3.6 Multiple reflection of the three-layer system 
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3.5 Concept of Surface Plasmon Resonance Biosensing 
According to the fact that the majority of the field generated by surface plasmon wave 
is concentrated in the dielectric, the propagation constant of the SPW (or the 
wavevector in Eq 3.3) is extremely sensitive to the variation in the refractive index of 
the dielectric (sample). This property of SPW is the underlying physical principle of 
affinity SPR biosensors. In SPR biosensors, the changes in optical properties of the 
reflected light is used to detect changes in the refractive index of the solution close to 
the sensor surface, resulting from changes in the mass concentration of molecules in 
solution. To utilize this principle as a biosensor for measuring molecular binding 
events, a binding partner is immobilized on the sensor surface as shown in Fig. 3.7 
Specific layer 
Gold 
Glass __nnniiimiiiii^ i 
Fig. 3.7 One specific binding partner is immobilized on a modified sensing surface 
[BIAcore] [60] 
The analyte-containing solution is passed over the sensing surface, biomolecular 
recognition elements on the surface of metal recognize and capture analyte present in 
the solution producing a local increase in the refractive index at the sensor surface. 
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The propagation constant of SPW will also be changed according to the change 
properties at the surface (Fig. 3.8). The interaction that changes the local surface 
properties is detected as an SPR response. 
^ ^ 
Analyte ^ 么 A 
|V V V ^ ^ v v Y ； ^ V V ^ ^ ^ V V ^ V 
Metal Metal 
Specific layer refractive index = r Specific layer refractive index = n + A n 
SPW propagation constant = p SPW propagation constant = (3 + A y5 
Fig. 3.8 Principle of SPR biosensing 
An SPR-biosensor with real-time measurement capability can be used in many 
applications. There are in principle two kinds of measurements: concentration 
measurement and kinetic measurements. Fig. 3.9 shows a typically SPR sensorgram, 
for concentration measurements, two measurement points have to be considered: i.e. 
one before the interaction between ligand and analyte and one at the end of the 
interaction. On the other hand, during kinetic measurement, the response signal from 
the interaction is continuously monitored. After the reaction is completed, a curve 
fitting accompanied with an equation is employed to calculate the association constant 
and the dissociation constant of the biomolecules. 
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Fig. 3.9 SPR sensorgram [ BIAcore][60] 
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Chapter 4 Experiments 
4.1 Highly sensitive differential phase-sensitive surface plasmon 
resonance biosensor based on Mach-Zehnder configuration 
4.1.1 Materials required 
A) Optical components 
1) 1 OmW He-Ne laser source (632.Snm) 
2) Two 50:50 beam splitters 
3) Single Channel flow cell 
4) 60° equilateral prism made from BK7 glass 
5) Piezoelectric transducer (PZT) 
6) Plane mirror 
7) Wollaston prism 
8) Two photodetectors 
B) Electronic components 
1) Function generator (HAMEG, Model# HM8130) 
2) PZT controller (THORLABS, Model# MDT694) 
3) Digital oscilloscope (LeCroy LT264) 
4) Personal computer 
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4.1.2 Experimental Setup 
‘Sample out 
Personal 
Beam ^ ^ Prism coupling Computer 
Splitter p g. I system 
H e - N e \ pola/ization . 
LASER , X ^ — — s e 
\ ~ Digital 
Storage 
p, s- ,, Osci l loscope 
polarization w 
^ ^ \ p � 今 t i : ^ ^ ^ g ^ t i � r ] 
^ ° ,z Woilaston Detectors V PZT Splitter 卩厂丨㊀⑴ Detectors 
Fig. 4.1 Experimental setup for measurement of differential SPR phase shift 
indicating s and p polarizations on the figure. 
A high-sensitivity surface plasmon resonance biosensor based on Mach-Zehnder 
interferometer design is shown in Fig. 4.1. A linearly polarized lOmW He-Ne laser 
operating at 632.8nm is used as the light source. The direction of polarization is 
rotated at 45° from both the p- and the s-polarization. The laser beam is split into two 
by a 50:50 beam splitter. One is for the probe arm which is sent to the sensor head, the 
other is the reference arm to the plane mirror mounted on the end of a piezoelectric 
transducer (PZT). A 60° equilateral prism made from BK7 glass is used as the sensor 
head and one of its surface will normally contain a gold thin film (about SOnm thick). 
A saw-tooth wave oscillating at 80 Hz signal is fed to the PZT controller for providing 
the forth and back movement of the mirror in reference arm. The two beams are 
recombined again by the other beam splitter. Due to the varying phase shift between 
the two beams induced by PZT, a periodic constructive and destructive interference 
occurs at the second beam splitter. A Woilaston prism is employed for separating the 
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output beam so that the signal in p- and s-polarization can be detected simultaneously. 
Two detectors, a digital oscilloscope and a personal computer are used to capture the 
signal. Real-time phase capture and extraction are performed with Visual Basic and 
Matlab program. 
4 sets of experiments were carried out with the above experimental configuration, i.e. 
a) water-glycerin mixture (sensitivity measurement), b) BSA-BSA antibody binding 
(protein-protein reaction monitoring), c) cell activity investigation (cell adhesion 
properties on the gold surface is investigated), d) micro-fluidic system integration. 
(Experimental result will be presented in Chapter 5) 
4.1.3 Principle of Differential Phase Measurement 
jsample out |Sample out 
Beam Prism coupling Beam ^ ^ Prism coupling 
Splitter ^ system Splitter V system 
Phase shift due to 
SPR 
V P 2 T Splitter 《 P Z T Splitter 
Fig. 4.2 Two Mach-Zehnder interferometers work in parallel Phase shift due to SPR 
only affect p-polarization. 
The main feature of the experimental setup is to perform two interferometers 
(p-polarization and s-polarization) in parallel (fig. 4.2)，which means that the probe 
arm (p-polarization) and the reference arm (s-polarization) travel the same optical 
path. Consequently, the common-path noise, e.g. small mechanical vibration and 
movements can be eliminated due to the fact that the noise will be both added to the 
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two polarizations. In order to measure the phase difference between two polarizations, 
the signals should be modulated. It is impossible to measure the varying electric field 
in an EM wave because of the limited frequency response of the detectors. In our 
setup, the modulated signal is given by the small movement of PZT which introduces 
a time varied optical path difference in the reference beam as a result of time varied 
phase difference with respect to the probe beam. When the reference beam 
recombines with the probe beam at the second beam splitter, constructive interference 
and destructive interference occur periodically. Fig. 4.3 shows the intensity variation 
of interference signal according to the phase difference between two signals. When 
the phase difference between two beams are modulated, we will see the intensity of 
the output beam turning bright and dark periodically as the PZT moves according to 
the oscillating driving signal. Thus, a sinusoidal variation of light intensity is captured 
by photodetectors. 
^ ^ Phase difference = 0 deg Phase difference = 90 deg 
翻 H 
0.2 0.4 0 6 0.8 1 0.2 0 4 0.6 0,8 1 
Time Time Phase difference = 180 deg Phase difference = 270 deg ‘ /\ • ； V 1, 1 2, 1, 1 
\ / \ Signal 1 / \ A A Signal t 
f > I \ S . f ln . l2 15 / V \ 、——Signals 
1 / \ I \ • \ I 、 “ Interference signal | / / \ \ / / U / / Interference signal 
\ I \ i \ \ / \ 1 ,// \\ \\ ,//. 
� K P k S X ) f _ _ 
®0 0 2 0.4 0 6 O B 1 0 2 0 4 0 6 0 8 1 
Time Time 
Fig. 4.3 Intensity variation of interference signal according to the phase difference 
between signal 1 and signal 2. 
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Another important feature of the setup is the use of Wollaston prism. Wollaston prism 
is a polarization splitter in which the split beams are orthogonal to each other. It 
consists of two right angle prisms (A and B), typically made of calcite or quartz, put 
together with their diagonal faces as shown in Fig. 4.4. The optic axes are mutually 
orthogonal. Consider an arbitrary polarized beam that makes a normal incidence to 
the Wollaston prism, at the interface between two prisms, the s-polarization bends 
upward as s-polarization travel faster in prism B (we assume the electric field of the 
beam pointing in and out of the paper is s-polarization) and vice versa for 
p-polarization. We would see the input beam is split into two i.e. s and p polarization. 
Two detectors are used to convert the optical signal into electrical signal. We would 
see two sinusoidal waveforms are captured in the digital oscilloscope (DSO). 
Optic axis。Medi iurr j A j I I \ 7 
i I I 丨 i ^^polar izat ion 
I I I I j/f i / 
p and s polarization j 丨丨 j 
i 丨 丨 M \ p polarization 
/ \ I ‘ M e d i u m B| opticaxis ( g ) 
Fig. 4.4 The use of Wollaston prism so that the phase quantities of the p and s 
polarization are interrogated simultaneously 
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4.1.4 Photodetector Circuitry 
The photodetector circuit adopted in our setup is shown in Fig. 4.5. A reverse bias 
voltage is applied to a silicon detector (RS, model no. IPL10050CW). The photon 
energy generates electron-hole pairs in the depletion region. The drifting electrons and 
holes will generate a photocurrent and an electrical output signal will develop at the 





Fig. 4,5 Schematic of photodetector 
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4.1.5 Digital Signal Processing 
I Experimental noise 
iyyAitibyilii' 
Orisjiiial Measured " “ 
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phase information Phase 
一 Normalized and along the signal Poim-Mise difference 
^ arc sme ah^vnw • subtract,on and — 咖⑴咖 ：—— civeraguig pokvizatioii 
Fig. 4.6 Flow chart of signal analysis program 
In order to achieve real-time monitoring of bio-molecular interaction, a phase 
extraction routine is written in Matlab. Fig. 4.6 shows the flow chart of our signal 
analysis program. The actual program is listed in Appendix A. High frequency 
amplitude fluctuations caused by small intensity variations of the laser source as well 
as noise generated from the electronics are clearly visible in our raw data (Fig. 4.7a). 
After low pass filtering, as shown in Fig. 4.7b, small amplitude variations have been 
removed and two smooth waveforms are obtained. The next step is to normalize their 
amplitudes into unity value (Fig. 4.7c). The amplitudes of two sinusoidal waves now 
are fixed between 0 and 1. As shown in Fig. 4.7d, the captured waveforms are not 
exactly pure sine waves, due to the fact that the probe beam and reference beam travel 
identical paths, the distortion in the waveforms obtained from the two channels should 
be identical to each other. This means that an arc-sine algorithm together with a 
point-wise subtraction should be effective in canceling out common-mode noise. 
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Therefore, the point-to-point phase information i.e.办n，^n, n = 1,2,3 , along the 
profile of the waveforms and the differential error due to the slightly non-sinusoidal 
shape of the waveforms should be minimal. The average single-valued differential 
phase between the two waveforms is calculated using the formula: 
丄 X 飞 ^pn ^sn 
n=\ 丄• 
(j) is differential phase angle. 
一 、 
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Fig. 4.7 Signal processing of raw data obtained from digital oscilloscope: a) Raw data 
obtained from digital oscilloscope, b) Waveforms obtained after passing through a low pass 
filter, c) Amplitude normalized waveforms, d) Pure sine wave compared with the experimental 
p-polarization signal 
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4.1.6 Polymer based Micro-fluidic System Integrated with SPR 
Biosensor 
, Motor Controller • 
Personal Computer Sample in 
Vonex ^ ^ ^ ^ ^ Micropump ^ ^ 
Beam Splitter t ^ ^ f B V 
He-Ne Laser ——-V p. s-polarization San^ le out _ —— 
\ Digital Storage ； ffiy^^^ Oscilloscope 
p, s- polarization “ ” 
i k 
P, s-
polarization p-polarization ] 
^ ^ ^ -^^^-^^^^CZZIZ^^ZZ^ZZZ^ Detectors ^ Beam Splitter s-polarization tl V ， Wollaston PZT Prism 
Fig. 4.8 Experimental setup of the microfluidic system integrated with the SPR 
biosensor. 
Our setup can be integrated with a fully computer controlled microfluidic system. A 
schematic is shown in Fig. 4.8. A vortex micropump, the microchannels and our SPR 
biosensor are integrated into a single system based microfluidic system. The entire 
microfluidic system can be fabricated using a low-cost molding of polymethyl 
methacrylate (PMMA). An SU-8 (a photoresist from MicroChem™) fabricated micro 
impeller generates a vortex flow inside the pump chamber. The principle of the vortex 
pump is shown in Fig. 4.9. The fluid enters the pump near the center of the impeller. 
The rotation motion of the impeller converts the liquid velocity into pressure gradient. 
The pressure gradient forces the fluid to move to the outer chamber and thus produces 
a continuous flow in the attached microchannel. As the generation of pumping flow is 
due to the rotating motion of the impeller, we can control the flow rate by adjusting 
the rotating speed of the impeller. 
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pumping flow ^ V ^ f 1 
Pump chamber MicroChannel Impeller 
(a) (b) 
Fig. 4.9 a) Working principle of vortex micropump. b) Fluid streamline inside the 
pump chamber. [37] 
A micro-molding replication process is used for fabricating the microfluidic system. 
Two steps are involved in this process: 1) mastering and 2) replication as shown in 
Fig. 4.10. In the mastering process, SU-8 photoresist is used as the photoresist. After 
exposing in UV light with a mask, unexposed SU-8 will be removed by developer. 
The next step is to have a metal layer electroplated on the photoresist-patterned 
substrates. After stripping the remaining SU-8 photoresist, a metal mold is formed. In 
the replication process, the microstructures on the metal mold is transferred to the 
PMMA substrates by the hot embossing process. A completed vortex micropump with 
microchannel is shown in Fig. 4.11 [37]. 
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TOOx microscope image 
Fig. 4.11 Vortex micropump with microchannel The chip size is 20x35mm. The 
diameter of pump chamber is 5mm. The microchannel is 300//m in width, 200//m 
in depth.[37] 
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4.2 Phase-sensitive Surface Plasmon Resonance Biosensor using the 
Photoelastic Modulation Technique 
4.2.1 Materials required 
A) Optical components 
1) 8mW He-Ne laser source (1152nm) 
2) Two polarizers 
3) Photoelastic Modulator (Hinds, model II/FS42) 
4) Two Quarter-wave plates 
5) Single Channel flow cell 
6) 60° equilateral prism made from BK7 glass 
B) Electronic components 
1) Signal Amplifier (Hinds, model SCU-90) 
2) Lock-in Amplifier (EG&Q model 7265) 
3) Germanium photodetector 
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4.2.2 Experimental Setup 
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Fig. 4.12 Schematic diagram of the SPR biosensor based on photoelastic 
modulation technique 
A schematic diagram of our system is shown in Fig. 4.12. An 8mW He-Ne laser 
operating at the wavelength of 1152nm is used as the light source. The beam passes 
through a polarizer (P), a photoelastic modulator (PEM, Po), the first quarter-wave 
plate (Qi) and reaches the sensor head. For the sensor head, a 60° equilateral prism 
made from BK7 is used. A nominally 50nm gold thin film is coated on one of three 
equilateral surfaces as the sensor surface. The reflected beam passes through the 
second quarter-wave plate (Q2), an analyzer and finally reaches a detector. The signal 
is transferred to a lock-in amplifier with the reference input taken from the 
modulation signal. A computer software is written to extract the phase information. 
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4.2.3 Principle of Photoelastic Modulation Technique and Signal 
Processing 
In order to explain the operation of our system, we consider two aspects of the 
building blocks of the system, namely: 1) mathematical treatments 2) physical 
meaning. 
The optical setup can be described mathematically by Mueller calculus [61]. The 
polarization state of the optical beam is represented using Stokes vector and the effect 
of each optical component is denoted by Mueller matrix. 
For an un-polarized beam (L)，with intensity IQ, when passing through the first 
polarizer (P) oriented at 45。，the output beam (L') may be related to the input using 
the relation U = PL. Where 
_i 0 1 o iF i 1 r r 
0 0 0 0 0 / 0 PL = ^ = ^ (4.1) 2 1 0 1 0 0 2 1 
0 0 0 0 j [ o j [ 0 




where I = total intensity; Q = difference in intensities between horizontal and vertical 
linearly polarized components; U = difference in intensities between linearly 
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polarized components oriented at +45° and -45°; V = difference in intensities between 
right and left circularly polarized components. 
In this case, L，represents a 45° polarized light with half intensity. When the beam 
passes through the PEM (Po) with retardation axis oriented at 0° and modulation 
signal A, where A = AQ sincot with AQ being the depth of modulation and co (co = 
42kHz), the Stokes vector becomes 
“ 1 -
^ 0 (4.2) 
2 cos A 
- s in A 
This simply indicates that the polarization of the beam has been modulated by an 
oscillating signal. For a sample (X)，with retardation magnitude 5 and fast axis 
making an angle p relative to a reference horizontal axis, the sample can be 
represented by the following Mueller matrix [62]: 
• 1 0 0 0 
0 cos(4p) sin ^  (—) + cos^ (—) sin(4yo)sin^(—) -sin(2p)sin<5' 
X= ^ (4.3) 
0 sin(4yc>) sin^(—) - cos(4yo) sin^ (—) + cos^ (—) cos(2yo)sin(5' 2 2 2 0 sin(2/7) sin J -cos(2/7) sin cos 5 
Due to the fact that SPR only affects p-polarized light, the retardation magnitude 
corresponds to the phase difference between p- and s-polarization. Since refractive 
index variations lead to changes in SPR condition, our system ultimately uses the 
retardation effect to measure refractive index variation, which often accompany with 
bio-molecular interaction on the sensor surface. A quarter-wave plate (Q2) and an 
analyzer (A) are placed at the output path in order to transform the polarization signal 
into intensity variation. The light intensity reaching the detector is: (for further 
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mathematical explanation, see Appendix B). 
I^ 二 + sin A sin(2/9) sin + cos A cos(2p) sin 5\ (4.4) 
Several frequency components are present in the detected signal. By expanding sinA 
and cosA into Bessel functions, the fundamental frequency components sin(<i^) [IF] 
and the harmonic cos(2^yr) [2F] (cj is the modulation frequency of PEM) can be 
found separately. Thus, we can get the information by either calculating through Fast 
Fourier Transform or using a lock-in amplifier. In our case, the IF and 2F signals are 
obtained from a lock-in amplifier with the reference input taken from the modulation 
signal. In order to simplify the equation, we set Jo(Ao) = 0，which requires the 
modulation depth Ao = 2.4048. Eventually, the SPR phase angle、雄 can be 
calculated by measuring the ratio between DC, IF and 2F as 
A<zJ = sin-i J V i f l V n A (4.5) 
V V A y V j 
where 
VDC = voltage of DC signal obtained 
ViF = voltage of ist harmonic signal obtained 
V2F 二 voltage of harmonic signal obtained 
Ai = 1.414X Ji(Ao) = 0.7343，A2 = 1.414 xJ2(Ao>= 0.6170 
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4.2.4 Operation Principle of Photoelastic Modulator 
Optical element Piezoel^ ectric 
Transducer 
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Fig. 4.13 Different polarization profile due to the applied compression and extension 
wave in the optical element (fused silica) activated by PZT. 
The photoelastic modulator consists of a rectangular bar of transparent solid material, 
e.g. fused silica, attached to a piezoelectric transducer (PZT). The PZT is driven by 
electrical signal which vibrates along its long dimension at a frequency determined by 
the length and the material (i.e. refractive index) of the transparent solid. The PZT is 
tuned to the same frequency and is driven by an electronic circuit which controls the 
amplitude of the vibration. If the optical element is compressed, the polarization 
component parallel to the modulator axis travels slightly faster than the vertical 
component. The horizontal component then leads the vertical component after light 
passes through the modulator and vice versa. Fig. 4.13 illustrates clearer pictures of 
the working mechanism. Eventually, the polarization of output beam is modulated by 
applying continuous modulation signal to the PEM. (Fig. 4.14) 
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PZT driving 
signal \ 
Fig. 4.14 Polarization of output beam is modulated by the PZT driving signal 
4.3 Sample Preparations 
4.3.1 Glycerin-water Mixtures 
In order to evaluate the sensitivity of our system in terms of refractive index unit (RIU) 
measurement, some experiments have been conducted by using glycerin-water 
mixtures with difference concentrations. A series of different concentrations of 
glycerin-water mixtures (in weight ratio) were prepared: 0%, 0.1%, 0.25%, 0.5%, 1%, 
2%, 4% and 8%. The corresponding refractive index of glycerin-water mixtures is 
listed in Appendix C. 
The procedures are described as below: 
1) Containers, beakers are cleaned by immersion in an ultrasonic bath containing 
deionized (DI) water for 10 minutes before the sample preparation. 
2) After drying an empty beaker is weighted using an electronic balance with the 
resolution O.lmg and set to zero. 
3) A specific amount of glycerin is poured into the beaker and the weight is recorded. 
4) Carefully add the corresponding amount of DI water by using a syringe and the 
weight of glycerin-water mixture (Wgiycedn + Wwater) is monitored. The 
concentration is calculated using the following equation: 
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concentration = — — ^ ^ ^ ^ — — x 100% 
^water + ^glycerin 
W g i y c e r i n = Weight of glycerin 
Wwater = Weight of Water 
5) The mixture is stirred very slowly to ensure they are well mixed. 
6) The beaker is covered with a polyethylene film "Parafilm" to prevent the 
evaporation from the beaker. 
7) Repeat 2) - 6) for the other concentrations. 
4.3.2 PBS, BSA and BSA antibody 
a) Phosphate-buffered Saline (PBS) 
PBS, the buffer solution, the antigen and antibody are always diluted with PBS 
solution. 
b) Bovine Serum Albumin (BSA, Sigma, Cat#A9647) 
BSA is a kind of plasma protein extracted from Bovine. More detail information 
of BSA is listed in Appendix D 
c) Anti-Bovine Serum Albumin (BSA-antibody, Sigma, Cat#B7276) 
Anti-Bovine Serum Albumin is antiserum developed in rabbit using purified 
BSA as the immunogen. It works with BSA as a bio-specific partner in which 
specific binding will occur between them. 
d) Rat Immunoglobulin G (Rat IgQ Sigma, Cat#I8015) 
IgG is the major circulating antibody which enters tissues and participates in 
diverse immune events. Rat IgG is extracted from rat and this antibody has no 
reaction with BSA. It is used to test the non-specific binding in the experiment. 
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4.3.3 RPMI, Trypsin, Cells and SDS 
a) Roswell Park Memorial Institute (RPMI) Medium 1640 (Invitrogen 
Corporation, Cat# 23400-021) 
RPMI Medium 1640 is a liquid medium with enriched formulations for culturing 
living mammalian cells. With the aid of RPMI, cells can naturally attach to the 
gold surface. 
b) Trypsin-EDTA (0.25% trypsin) (Invitrogen Corporation, Cat#25200-072) 
Trypsin is a common reagent used to remove and detach cells from culture 
substratum. It is used for detaching the cells from the gold surface. 
c) Mouse L929 cells (American Type Culture Collection, ATCC) 
Mouse cells were used throughout our experiments. They were cultured on the 
gold surface with the aid of RPMI and suspended by trypsin and SDS 
d) Sodium Dodecyl Sulfate (SDS, USB Corporation, Cat#75832) 
SDS is an ionic detergent which is commonly used for preparing proteins in 
laboratories. It works by disrupting non-covalent bonds in proteins, denaturing 
them and causing the molecules to lose their native shape. In our experiments, 
the use of SDS as replacement of trypsin. 
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Chapter 5 Results and Discussions 
5.1 Experimental setup I: Highly sensitive differential phase-sensitive 
surface plasmon resonance biosensor based on Mach-Zehnder 
configuration 
In this section, the performance of our real-time differential phase measurement 
technique is experimentally evaluated. Due to its differential measurement design, 
which means the probe beam and the reference transverse identical optical path, the 
noise level of our system can be greatly reduced. Four experiments were carried out in 
order to study the sensitivity limit, the ability to apply our technology in biosensing 
application and the capability to integrate with a fully automated microfluidic system. 
The experiments are: 1) measuring the corresponding phase change by flowing 
different concentration of glycerin-water mixture into the sensor head to find out the 
sensitivity limit, 2) monitoring the bovine serum albumin (BSA) binding reaction with 
BSA antibodies and rat IgG (non-specific binding), 3) studying the cell adhesion 
properties on the gold surface under the influence of Trypsin and Sodium Dodecyl 
Sulfate (SDS), 4) replacing our simple flow cell with a low-cost, computer controlled 
microfluidic chamber and implement a BSA/anti-BSA binding reaction experiment to 
examine the capability. 
5.1.1 Measuring various glycerin-water concentration mixture with 
silver-gold sensing layer 
It has been widely reported that silver thin film can offer a better sensitivity than gold 
in SPR sensing application [25][56]. For example, measurement sensitivity as good as 
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Q 
4 X 10' refractive index unit (RIU) has been achieved using pure silver as the sensing 
layer [56]. With gold as the sensing layer the typical reported sensitivity limit is in the 
range of 10'^  RIU[11][53]. However, silver is not a preferred choice in practical 
sensor applications because silver exhibits a relative poor chemical resist to analyte. 
We propose the silver/gold film as the sensing layer by first depositing a nominally 
47nm of silver and then covered with 5nm of gold. In this experiment, glycerin-water 
mixtures from 0% to 8% in weight ratio were used. The solution was injected into the 
chamber by a syringe and left to stay inside. In between the measurement of two 
sample solutions, the apparatus was thoroughly rinsed using DI water and completely 
dried. The differential phase obtained in real-time is shown in Fig. 5.1. The step-like 
differential phase response is due to the increase in the concentration of glycerin 
which results in an increase in refractive index of the sample. Fig. 5.2 shows the 
change in relative differential phase as a function of glycerin concentration. We have 
highlighted the highest sensitive region which occurs between the first two data points. 
Here we can see that, after adding 0.1% of glycerin into the chamber, the refractive 
index has changed by 0.0012RIU compared with pure water (Appendix C) and the 
corresponding phase change is 21.88�. On the basis of an experimental resolution of 
0.01°，the calculated detection limit of our system is 5.5 x 10'^  RIU. Base on the fact 
that a RI change of 10'^  corresponds to a surface coverage of � 1 pg/mm^ of protein 
[53]. We estimate our sensitivity in measuring the change of mass is 0.055pg/mm^. 
This is significantly better than the best reported sensitivity in the order of 10'^ . 
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Fig. 5.1 Differential phase measurement of glycerin-water mixtures with different 
concentration. 
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Fig. 5.2 Relative differential phase variation (reference to pure water) versus 
refractive index of the samples. 
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5.1.2 Comparison between the sensitivity of our setup and reported 
setup based on phase detection 
Several surface plasmon sensors using phase interrogation have been reported to 
provide high sensitivity [48，63，64]. Typically the optical phase is found by using 
an interferometer or a rotating analyzer method. In this section, a comparison of 
sensitivity factors achieved by different phase detection techniques is presented. 
PBS, 
M ； ^ r 7 i 
夕 Z He-Ne Laser 
AOM, AOM2 
PBS2 ；乙 夕 
BS a : 
PhDi I PhD, Po丨2 ^^  TIR 
PBS: Polarizing beam splitter, M: Mirror, 
BS: Beam Splitter, AOM: Acousto-Opto Modulator, 
Pol: Polarizer, PhD: Photodetector 
Fig. 5.3 Schematic of heterodyne detection setup as reported in ref [63]. 
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Fig. 5.4 Schematic of heterodyne detection setup involving optical fiber as reported 
in ref [48]. 
Fig. 5.3 and Fig. 5.4 show the heterodyne interferometry detection methods reported 
in ref[63] and ref[48]. The important aspect of this technique is the use of 
acousto-opto modulator (AOM). In Fig. 5.3, two AOMs were used, one 
frequency-shifts the beam by 40 MHz and the other shifts by 40.06 MHz. The output 
beams have a frequency difference of 60 KHz. These two beams merge into one beam 
through PBS2. The single beam is split again, one for measurement and the other for 
reference. Then the phase information is carried in the beat frequency at 60 kHz, 
which can be detected by photodetectors accompanied by a phase meter. As a result, 
the phase quantities can be measured. The operation principle of the setup shown in 
Fig. 5.4 is similar except that the beat frequency is provided by the diffracted beam 
instead of two AOMs. 
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Fig. 5.5 (a) The optical setup reported in ref[64]. (b) The optical geometry of the 
phase measurement. 
Apart from interfermetry, rotating analyzer method can also be used. Fig. 5.5 shows 
the setup and optical geometry reported in ref[64]. A linearly polarized light is used as 
the light source. As the SPR will only affect p-polarization, the polarization of the 
reflected beam is changed according to the refractive index variation near the sensor 
surface. Thus, the intensity obtained from a rotating analyzer can be used to measure 
the relative phase change of the output beam. 
The sensitivity factors achieved by these setups are list in Table 5.1. The factors are 
limited to the order of 10"^ . This comparison also indicates that our system brings an 
improvement of detection threshold for 10'^  to 10"^  level. 
Detection method Sensitivity (RIU) 
Heterodyne Interferometry ref{63] 2 x 10"^  
Heterodyne Interferometry ref{48] 5 x 10"^  
Rotating Analyzer ref[64] 4.4 x 10'^  
Mach-Zehnder Interferometer (our system) 5.5 x 10"^  
Table 5.1 Reported sensitivity factors of surface plasmon resonance sensors based on 
phase detection. 
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5.1.3 Discussion on o .o r system resolution 
Our measurement setup is located in an enclosed environment to ensure minimum 
temperature fluctuation caused by air circulation. A baseline stability test was done on 
the system by monitoring the phase variation versus time. We believe that the 
measurement errors of our system is mainly coming from fluctuations caused by 
temperature variation, noise generated from electronics and the non-linear movement 
of PZT. Before the experiment, we switched on the laser for 30 minutes in order to 
allow the light source to stabilize. We then monitored the differential phase of the 
system continuously. It was found that the phase fluctuation of our setup is 
approximately 0.01 ° for a period of 10 minutes (see Fig. 5.6). It is worth mentioning 
that when the air-conditioning in the room also caused significant phase fluctuation, 
also seen from Fig. 5.6. The maximum phase difference variation with the 
air-conditioning on is approximately 0 . 4 � . Because of this result, we believe that 
phase measurement fluctuation can be greatly reduced through temperature control of 
the system. To further minimize errors due to DC drift of PZT, a phase-locking 
algorithm may be embedded in the computer control software so that the PZT-driven 
mirror always starts from the same position corresponding to a fixed phase angle. 
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Fig. 5.6 Fluctuation of differential phase difference (in degrees) versus time. 
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5.1.4 Experiment on monitoring BSA-BSA antibody binding reaction 
The aim of this experiment is to demonstrate the measurement capability of our setup 
through real-time monitoring of BSA-BSA antibody binding reaction. Before 
injecting bio-molecules into the chamber, the chamber was thoroughly rinsed with 
phosphate-buffered saline (PBS) solution. As shown in Fig. 5.7, the differential phase 
of PBS solution was measured as the baseline. The experimental process sequence is 
shown in Fig. 5.8. After the system had become stable, a PBS buffer containing BSA 
(1 mg/ml) was introduced into the sensor head. A sharp increase in phase angle 
occurred. This coincided with the addition of BSA-containing solution, Thus 
indicating that a small refractive index change caused by the addition of BSA into 
PBS was already sufficient to cause a large phase change. The system was then left to 
settle for 30 minutes, resulting a BSA layer being assembled on the gold surface. PBS 
buffer was loaded into the chamber in order to rinse excess BSA out of the sensor 
head. Then PBS buffered non-BSA antibodies (rat IgQ 37 fi g/ml) were injected into 
the sensor head to test whether non-specific binding would occur. The differential 
phase stayed constant afterwards, which implied no non-specific binding had taken 
place. BSA antibodies (37 fi g/ml) buffered in PBS was then injected into the sensor 
head again. A sharp increase of phase angle was obtained. This signified the specific 
binding reaction of BSA with BSA antibodies which eventually changed the refractive 
index at the sensor head. Finally, PBS was loaded into the chamber again and left for 
15 minutes to ensure that all BSA antibodies were immobilized by BSA. An 
exponential curve characteristic of typical rate-dependent reaction was observed. In 
fact, an absolute phase change of 49.92 ° was obtained when a concentration of 
37 (1 g/ml BSA antibodies was added. Using a phase resolution of 0.01 ° , we estimated 
that the sensitivity of our setup for biosensing experiment is 7.4 ng/ml. 
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Fig. 5.7 Response curve of PBS, BSA, non-specific BSA antibody (Rat IgG) and BSA 
antibody was added sequentially into the sensor head, demonstrating the detection 
of specific BSA-BSA antibody binding. 
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Fig. 5.8 Illustration of specific binding of BSA antibodies, a) Injection of BSA. b) 
Assembled BSA layer on the sensor surface, c) Injection of rat IgG. d) No binding 
reaction occurred, e) Injection of BSA antibodies. J) Specific binding of BSA with 
BSA antibodies. 
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5.1.5 Matching oil and glass slide 
Generally, SPR sensor heads often use the Kretschmann configuration with a 
gold-coated prism. However, some drawbacks may exist in practical use. The sensing 
layer sometimes needs to be replaced because of contamination from the analyte. 
Removal of the metal layer can be carried out by either dissolving the gold in 
potassium iodide solution or brushing with dust-free tissue paper and acetone. But 
scratches may occur on the prism after several uses. Furthermore, the sensor surface 
may be required to have further analysis by other instrument (e.g. optical microscope) 
after the SPR experiment. Direct coating of gold on the prism surface is not an ideal 
situation for more complicated sensing application or making practical devices. 
Indeed, coupling a gold-coated glass slide on the prism with refractive index matched 
oil is better alternative. We have the option of disposing the sample or keeping it for 
further interrogation after the experiment. Besides, it is more cost-effective in the 
metal thin film deposition process as we can put a number of glass slides into the 
deposition chamber in each run. Another additional advantage is that the quality of the 
gold film for each slide is more "identical" to each other if all the samples are made in 
single deposition run. The experimental result may be more repeatable. 
We bought the optical matching oil from Fiber Optic Center Inc (part# LS-5267) and 
custom-made the equilateral prisms and glass slides (20mm x 20mm x 1mm, BASF 10， 
refractive index: 1.65) from Align Optics Inc. All of the experimental results reported 
from this section onwards were obtaining using the same type of matching oil and 
glass slides. 
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5.1.6 Experiments on monitoring BSA-BSA antibody binding reaction 
with integrated microfluidic system 
-| Inlets 
4 0 m m X ^ S i B l U SPR biosensor 
Fig. 5.9 Sensor head integrated with polymer based microfluidic system. The chip 
size is 40mm x 40mm. There are three independent inlets for three different solutions 
pumping. [37] 
In this section, a fully automated microfluidic system integrated with our setup is 
presented. As shown in Fig. 5.9，three vortex micropumps and a SPR sensor head 
were integrated into a polymer-based single chip with a computer to control the flow 
sequence and detect the differential phase in a real time manner. For the sensor head, 
we use a nominally 45nm gold-coated glass plate attached to a 60° equilateral prism 
made from BASF 10 glass using matching oil. In our system employing in 
biomolecule detection experiment, three types of fluids, namely the buffer, probe and 
sample fluids were independently introduced into the sensor head. The flow sequence 
is illustrated in Fig. 5.8. Same as the previous experiment, the buffer pump first 
pumped a volume of PBS solution into the sensor head and the phase angle was 
recorded as the baseline. A PBS buffer containing BSA (1 mg/ml) was then introduced 
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by the probe pump. Then the system was left for 30 minutes to allow the formation of 
BSA layer. PBS was pumped again by the buffer pump to wash away the free BSA. 
The next step was to test the non-specific binding by loading non-BSA antibodies (rat 
IgG, 3111 g/ml) using the sample pump. After confirming that no non-specific binding 
had taken place, PBS buffer containing BSA antibodies (37 (i g/ml) was pumped by 
the sample pump. The differential phase change, which is shown in Fig. 5.10, agrees 
with our results obtained in previous experiments. Since a concentration of 37 fi 
g/ml of BSA antibodies corresponds to an absolute phase change of 34.40° , the 
detection sensitivity of this setup is 10.76 ng/ml. The sensitivity of this experiment 
performed slightly lower than the previous one because the thickness of gold film was 
not optimized. We believe these experimental results had successfully demonstrated 
that our setup is feasible for making a fully automated, high sensitivity and low-cost 
biosensor systems. 
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Fig. 5. JO Response curve of PBS, BSA, non-specific BSA antibody (Rat IgG) and 
BSA antibody was flowed sequentially into the sensor head, demonstrating the 
automatic and real-time ability of our microfluidic flow cell 
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5.1.7 Experiment on observing cell adhesion properties on gold surface 
under the influence of trypsin 
In this experiment, our setup is used to observe the activities of living cells under the 
influence of Trypsin in RPMI-1640 medium. We aim to show the ability of our system 
for bio-medical applications, as cell culture is an important step for such applications. 
I 二 丨暴、 Z D 
• ^ 一 ^ ^ . T 聊••••々•^一——^ • 
(a ^ (b) SPR Biosensor Heac 
I , I 1 
Trypan RPMI =0 • • 
(c W) 
Fig. 5.11 Steps for observing cell detachment process using trypsin, a) Injection of 
RPMI. b) Injection of trypsin, c) Cells detached from sensor surface, d) No cell left 
on the sensor surface. 
The experiment procedures are shown in Fig. 5.11. During the experiment, mouse 
L929 cells (4 x 10^ cells/ml) were first cultured on a 45nm gold-coated glass plate 
(BASF 10, refractive index: 1.65) at 37°C for two hours. Then the gold surface was 
viewed under an optical microscope to ensure cells were adhered to the glass plate. As 
shown in the in-set of Fig. 5.12, cells adhered on the gold surface as a "monolayer". 
This glass plate was then attached to a prism using matching oil for SPR phase studies. 
The differential phase of RPMI Medium 1640 was first measured as a baseline. 
Trypsin-EDTA (0.25% trypsin) was then loaded into the sensor head. As shown in Fig. 
5.12，an exponential decay curve was observed indicating that the cells were 
suspended. Another set of control experiment was carried by repeating the experiment 
with bare gold glass plate. A sharp but small phase angle change was observed when 
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trypsin is added as shown in Fig. 5.13. Thus, we concluded that the large phase 
change observed in Fig. 5.12 must be largely caused by cells detachment. At the end 
of the experiment, the glass plate was taken out from the prism and observed again 
under an optical microscope. Visual inspection confirmed that almost all the cells 
were removed from the surface. Our results show that one can monitor cell 
detachment process using SPR. 
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before experiment after experiment 
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Fig. 5.12 Differential phase response curve due to the cell detachment process using 
trypsin. 
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Fig. 5.13 Control experiment to examine the effect of trypsin on the bare gold 
surface. 
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5.1.8 Discussion on the non-specific binding between trypsin and gold 
surface 
As shown in Fig. 5.13, RPMI and trypsin were added sequentially into the flow-cell. 
However, the response of RPMI, which was observed after the flowing-in of trypsin, 
did not return to the initial phase baseline. There are additional 30° of phase was 
recorded angle after the trypsin treatment. We believe that it is due to the non-specific 
binding between the decomposed active groups in trypsin and the gold surface. Indeed, 
non-specific binding is an important issue in the field of biological and chemical 
studies since it produces uncertainty in the sensor response [57]. For further 
investigation of trypsin, an additional experiment was carried out by observing the 
response curves of using different concentrations of trypsin. The samples were 
20-fold trypsin (1:20 volume ratio of trypsin in total volume of trypsin + RPMI), 
10-fold trypsin, 5-fold trypsin and the trypsin without dilution. The differential phase 
response of difference concentration of trypsin was shown in Fig. 5.14. From this plot, 
we can conclude that the effect of trypsin imposed on the gold surface is accumulative. 
It may be related to the fact that the reaction time of trypsin is dependent on 
concentration. Thus, a weaker and slower response was observed when diluted trypsin 
solutions were used. Furthermore, there was no increase in phase angle in the last 
cycle in which the amount of immobilized trypsin had saturated. Similar studies on the 
adhesion of cells to surfaces using SPR equipment have been published by BIAcore 
equipment [58]. Non-specific binding can be controlled by using a modified gold layer sensor 
surface (e.g. Dextran matrix in CMS sensor chip from BIAcore). In our experiment, we 
believe that one can apply a similar biological treatment to the gold layer to suppress the 
unwanted binding caused by trypsin. 
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Fig. 5.14 Differential phase response of difference concentration of trypsin. 
5.1.9 Modifying the gold surface with BSA layer 
In our previous experiment, a BSA monolayer was first immobilized on the gold 
surface for binding reaction to take place. From the result obtained from Fig. 5.15, it 
is obvious that the binding effect of trypsin can be successfully suppressed from 30° 
to 10° with the aid of a BSA monolayer. The reason may be due to the fact that a 
portion of the sensing area was blocked by BSA so that only limited amount of trypsin 
could react with the gold sensing surface. However, the BSA layer also affected cell 
adhesion on the gold surface, which was not our expectation. As a result, we had to 
look for an alternative way to solve the unwanted adhesion problem caused by 
trypsin. 
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Fig. 5.15 Non-specific binding effect of trypsin on the gold surface covered with a 
BSA monolayer. 
5.1.10 Experiment on observing cell adhesion properties on the gold 
surface under the influence Sodium Dodecyl Sulfate (SDS) 
In the following experiments, we used our setup to study the activities of living cells 
under the influence of SDS in RPMI-1640 medium. 
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Fig. 5.16 Control experiment to examine the effect of SDS on bare gold surface. 
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We carried out a control experiment first because our major problem was the 
non-specific binding between the reagent and the sensing surface. In Fig. 5.16, RPMI 
and SDS were flowed into the chamber periodically. We measured the phase due to 
the first injection of RPMI as the baseline and afterwards 3 cycles of SDS-RPMI were 
performed. As shown in Fig. 5.16 our result indicated that no binding reaction 
occurred between SDS and gold surface because of the absent of protein in SDS. 
Although there was a rising trend of phase angle, which was thought to be caused by 
temperature variations in the system and the sample, the phase angle remained 
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Fig. 5.17 Differential phase response curve due to the cell deformation caused by 
SDS. 
We repeated the experiment described in section 5.1.6 by using SDS as the cells 
removing agent. After measuring the baseline, SDS was added into the chamber. As 
shown in Fig. 5.17, a decay trend was observed, indicating that cells were slowly 
removed from the surface. However, a sharp increase then slowly decay in phase 
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angle was obtained while the RPMI was being circulated. We continued the 
experiment by running several cycles of RPMI and SDS and similar phase angle 
profiles were recorded, which is shown in Fig. 5.17. Since SDS is an ionic detergent, 
the cells would rather stay on the surface and be deformed than being removed from 
the surface. Thus, the phase angle change obtained were relatively small comparing 
with Fig. 5.12. Moreover, the structure of the cells exhibited a sudden change as soon 
as RPMI was introduced have into the chamber. This might be related to the fact that 
RPMI is a nutrient enriched solution. Apart from deformation, the cells also 
experienced a denaturing process in which their cell membrane were dissolved by 
SDS. As a result, the plot in Fig. 5.17 shows a falling trend of phase angle. At the 
end of the experiment, the glass plate was taken out from the prism and observed 
under an optical microscope. Although we could not see any cells on the surface, it 
was believed that some residues were still left on the gold surface. From this 
experiment, we can conclude that SDS is a more suitable candidate for testing the 
capability of our system for cell activity monitoring. 
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5.2 Experimental setup II: Phase-sensitive surface plasmon resonance 
biosensor using the photoelastic modulation technique 
This setup (Fig. 4.12) is a single beam system in which a photoelastic modulator 
(PEM) produces a carrier frequency so that the phase quantity can be extracted by 
measuring the relative amplitude of the first harmonic signal. Instead of producing a 
phase modulation signal by moving a PZT back and forth, we use PEM. The 
polarization of input beam was modulated by an electronic device and thus no 
mechanically moving component is involved. This single beam, single detector and 
no moving part approach will completely eliminate the need for critical component 
alignment and the use of detectors array, which can be troublesome in angular and 
wavelength interrogation SPR system. The most important aspect of using this phase 
modulation approach is the possibility of performing multi-analyte detection since 
each channel now only used a single detector and all the necessary information is 
embedded in the frequency domain of the detection signal. In the following sections, 
we will demonstrate the operation of this approach by performing two experiments: 1) 
Measuring the refractive index changes caused by varying the concentration of 
glycerin-water mixture. 2) Monitoring the binding reaction of BSA and 
BSA-antibodies at the sensor surface. 
5.2.1 Measurement on difference glycerin-water concentration mixture 
In this experiment, the operation of this technique is demonstrated and glycerin-water 
mixtures of 1%, 1.25%, 1.5%, 2%, 4% and 8% in weight ratio were used. A sample 
solution was injected into the chamber by a syringe and left to stay inside. In between 
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two experiments, the apparatus was thoroughly rinsed using DI water and completely 
dried. As shown in Fig. 5.18, our instrument is well capable of resolving extremely 
small changes of refractive index. From the plot, we see that the region with steepest 
slope occurred in the concentration range of 1% to 2% glycerin which corresponds to 
refractive index 1.3342 to 1.3353. According to the characteristics of SPR, the phase 
angle changes very sharply across the resonance then level off afterwards. In Fig. 5.18, 
the solid line (simulated result) shows a non-linear relationship between phase angle 
and refractive index. The simulation is computed from Eq. 3.6, 3.7 and 3.8 in section 
3.4. The actual program is listed in Appendix E. Near the resonance dip (i.e. low 
refractive index region in Fig. 5.18)，the slope of the curve is relatively high. This 
implies that a small refractive index variation of sample will cause a large change in 
phase angle. The circles in Fig. 5.18 are the experimental results. It is clear that 
experimental results follow closely with the theoretical one. Thus, we use the curve 
shown in Fig. 5.18 to estimate the detection limit of our system. We assume the phase 
resolution of our setup is 0.03°，which is the figure we reported in our previous work 
[59]. The estimated detection limit is 1.19 x RIU. 
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Fig. 5.18 Simulation and experimental results of variation of relative phase change 
versus glycerin concentration. (1%, 1.25%, 1,5%, 2%’ 4% and 8%) 
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5.2.2 Experiment on monitoring BSA-BSA antibody binding reaction 
Fig. 5.19 shows the results we obtained from the detection of bio-molecules. Before 
the experiment, a monolayer of BSA was first immobilized on the gold surface by 
injecting a phosphate buffered saline (PBS) solution containing 1 mg/ml of BSA into 
the chamber and the system was left to settle for 1 hour. The phase angle was then 
measured as the reference level. Further PBS buffer was then circulated to wash away 
the excess BSA. Phase angle was monitored simultaneously to make sure that the 
monolayer was still intact. We set the baseline at this point as 0° . Then�PBS buffer 
containing BSA antibody (7.4 |a.g/nil) was loaded into the chamber and the change of 
phase angle was monitored. A sharp change of phase angle was observed. This 
indicated the binding reaction between BSA and BSA antibody. Similar to our 
previous described in section 5.1.3, the phase change increased steadily and 
eventually tailed off, thus depicting a typical exponential curve. This also reveals the 
rate-dependent nature of the binding reaction. In Fig. 5.19, each data point was 
obtained by averaging 20 raw measurements. Assuming a measurement uncertainty of 
the system is 0.03°，the observed total change of 19.62° in retardation angle 
corresponds to an estimated detection sensitivity of 11.1 ng/ml. 
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Fig. 5.19 Response curve of phase angle after injection of BSA and BSA-antibodies 
into the sensor head, indicating successful detection of specific binding of 
BSA/BSA-antibody. 
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6.1 Conclusions 
In this thesis, a real-time differential phase measurement technique that can be 
implemented in optical biosensors has been presented. Since both the reference beam 
and the probe beam traverse identical paths, better sensitivity can be achieved (5.5 x 
10-8 RIU) because of the effectiveness in minimizing the common-mode noise. The 
results obtained from BSA/BSA antibody experiments demonstrated the expected 
real-time monitoring capability of our system. Integrated with microfluidic system 
can provide a platform for conducting high-throughput diagnostic tests at low cost. 
Results from studies on living cells show that one can monitor cell detachment 
affinities using SPR. Trypsin has been found to be not suitable for collecting cell data 
element due to the fact that it leaves a permanent layer of material on the sensor 
surface. Our setup may provide an effective platform for a range of bio-medical 
application e.g. drug discovery for replacing trypsin by newly invented drugs. 
A new single beam SPR biosensor design based on measuring low-level birefringence 
has also been demonstrated. The experimental sensitivity limit of our setup is 1.19 x 
10-6 RIU, indicating that the performance of this setup is not as good as the previous 
one. We attribute this to an iin-optimized sensor film thickness. Since there are no 
moving mechanical components and only one detector is used in the setup, this 
technique has the advantage that unwanted errors associated with relative movement 
between components and detector variability found in the dual-beam technique can be 
eliminated. For measuring binding reaction between BSA and anti-BS A bio-molecules, 
the sensitivity limit is 11.1 ng/ml. 
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6.2 Future Works 
1) The work reported here is merely a demonstration of concept, which clearly 
shows the performance improvement over commercial SPR sensors. In order to 
ensure that this project carries real impact, we believes that the next stage should 
be to use this setup for a range of experimental studies as various biomolecular 
experiments so that a large application database may be collected 
2) A second important aspect of biosensors is data processing. We believe that 
further improvement of the measurement accuracy of this setup may be achieved 
though the use of more elaborate data processing routine. 
3) Software for obtaining association constants and other parameters may be 
embedded to our phase extraction routine program so that information on reaction 
kinetics may also be studied. 
4) For multiple analyte detection, the experimental setup should be modified to 
contain imaging tools (collimator, CCD camera and etc) in order to perform phase 
imaging or phase stepping. The schematic diagram is shown in Fig. 6.1. An array 
of different biomolecules will be dotted on the sensing surface. When the 
analytes-containing solution is passing over the sensing film, each analyte will be 
captured by its bio-specific partner and the responses can be detected by the use of 
charge-coupled device (CCD) camera. 
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Fig. 6.1 Schematic diagram for multiple analyte detection by modifying our 
experimental described in Fig. 4,1 with imaging tools 
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Appendix A-1 
Appendix A Phase Extraction Routine written in Matlab 
clf 
clear all; 
No_of_period=3: %Number of periods that will be analyzed 
%get the signal from file 
filenamel = strcat('\p_polarization.txt'); 
filename2 = strcat(’\s—polarization.txt'); 
fid = fopen(filename1, V); 
p _polarization = fscanf(fid,'%f); 
fclose(fid); 
fid2 = fopen(filename2. V); 
s_polarization = fscanf(fid2.'%f); 
fclose(fid2); 














[b.a] = cheby1 (3.3,0.01)： 
LowPass_p_polarization = filter(b ,a, L_p_polarization); 
LowPass_s_polarization = filter(b’a,L_s_polarization); 
o/ofind the slope of the data 
p_slope = gradient(LowPass_p__polarization); 
s_slope = gradient(LowPass_s_polarization); 
%find the turnning point (max.) 
p_tuming_pt_counter_max = 0; 
s_turning_pt_counter_max = 0; 
for m = 1:length(p_slope)-1; 
% for p polarization signal 
if p_slope{m) > 0 & p_slope(m+1) < 0 
p_turning_pt_counter_max = p_turning_pt_counter_max + 1; 
%choose a smaller one 
if abs(p_slope(m)) < abs(p_slope(m+1)) 
p_turning_pt_max(p_turning_pt_counter_max) = m; 
else 
p_turning—pt_max(p_tuming_pt_counter一max) = m+1; 
end 
end 
% for s polarization signal 
if s_slope(m) > 0 & s_slope(m+1) < 0 
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s_tuming_pt_counter_max = s_turning_pt_counter_max + 1; 
%choose a smaller one 
if abs(s_slope(m)) < abs(s_slope(m+1)) 
s_turningj?t_nnax(s_turning_pt_counter_max) = m; 
else 




%find the turnning point (min.) 
p_turning_pt_counter_min = 0; 
s_turning_pt_counter_min = 0; 
for m = 1 :length(p_slope)-1 ； 
% for p polarization signal 
if p_slope(m) < 0 & p_slope(m+1) > 0 
p_tuming_pt_counter_min = p_turning_pt_counter_min + 1; 
%choose a smaller one 
if abs(p_slope(m)) > abs(p_slope(m+1)) 
p_turning_pt_min(p_turningj3t_cx)unter_min) = m+1 ； 
else 
p_turning_pt一min(p_turning_pt_counter一min) = m; 
end 
end 
% for s polarization signal 
if s_slope(m) < 0 &s_slope(m+1) > 0 
s_turning_pt_counter_min = s_turning_pt_counter_min + 1; 
%choose a smaller one 
if abs(s_slope(m)) > abs(s_slope(m+1)) 
s_tuming_pt_min(s_tumingj3t_counter_min) = m+1; 
else 












% determin the start and end data point that will be used for pointwise 
% substraction 
end_no=0; 
o/ocheck start point (ma)0& normalization (p polarization) 
%p polarization signal normalization and arc sine alogrithm(probe channel) 
clear start_point_tag 
clear end_point_tag 
if max(p_turning_pt_min) > max(p_turningj3t_max)%the last one is min. 
end_point_tag = length(p_tuming_pt_min)-end_no; 
startj30int_tag = length(p_tuming_pt_max)-encl_no-No_of_period+1 ； 
else 
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start_point_tag = length(p_tuming_pt_max)-end_no-No_of_period;%the last one is max. 
end_point_tag = length(p_tuming_pt_min)-end_no; 
end 
start_point_p = p_turningjDt_max(start_point_tag); 
endjDoint-P = p_turning_pt_min(end_point一tag); 
sub_start = p_turning_pt_max(start_point_tag); 
for n_count = 0:No_of_period-1; 
for n j e m p = p_turning_pt_max(start_point_tag + n_count):p_turning_pt_min(endjDoint_tag - No_of_period + 1 + 
n_count); 
max_pt = LowPassjD_polarization(p_turning_pt_max(start_point_tag + n_count)); 
minjDt = LowPass_p_polarization{p_tuming_pt_min(endjDoint_tag - No_of_periocl + 1 + n_count)); 
LowPass_pjDOlarization_Normalize(n_temp) = (LowPass_p_polarization(n_tennp)-min_pt)/(max_pt-min_pt); 
p_polarization_phase_angle(n_temp) = asin(LowPass_p_polarization_Normalize{n_temp)*2-1)*180/pi; 
pj3olarizationjDhase_angle(n_temp) = 180- p_polarization_phase_angle(n_temp); 
p_polarizationjDhase_angle(n_temp) = n_count*360 + p_polarization_phase_angle(n_temp); 
end 
if n_count - = No_of_period-1 
for n一temp = (p_turningj>t_min(encl_point_tag - No_of_period+1 + n_count) + 
1):(p_turning_pt_max(start_point_tag + n_count + 1) -1) ; 
maxjDt = LowPass_p_polarization(p_turning_pt_max(startjDoint_tag + n_count + 1)); 








% s polarization signal normalization and arc sine alogrithm (reference channel) 
clear n_temp 
start_s_temp1 = 0： 
start_s_temp2 = 0： 
start_pt_num = 0; 
end_pt_num = 0; 
start-is 一 m i n = 0; 
s ta r t j s_max = 0; 
%check channel 3 lead or lag channel 1 
CheckPtI = p_turningjDt_max(start_point_tag); 
CheckPt2 = p_turning_pt_min(end_point_tag - No_of—period + 1); 
CheckPt3 = p_turning_pt_max(start_point_tag+1); 
for n_temp = 1 :length(s_turning_pt_max) 
if s_turning_pt_max(n_temp) > CheckPtI & sjurning—pt一max(n_temp) < CheckPt2 
start_is_min = 1; 
end_pt_num = nJemp; 
break 
end 
if s_turning_pt_max(n_temp) > CheckPt2 & s_turning_pt_max(n」emp) < CheckPtS 
s ta r t j s 一 max = 1; 





for n_temp = 1 :length(s_turning_pt_min) 
if s_turning_pt_min(n_temp) > CheckPtI & s_tuming_pt_min(n」emp) < CheckPtS 
if start_is_min == 1 ； 
start jDt_num = n_temp-1; 
break 
end 
if s ta r t j s_max == 1 ； 






if s ta r t j s_max == 1 ； 
for n_count = 0:No_of_period-1; 
for n 一 t e m p = s_tuming_pt_max(startjDt_nunn + n_count):s_turningj3t_min(end_pt_num + n_count); 
%function of end_pt_num is different from end_pt_tag 
max_pt = LowPass_s_polarization(s_turningjDt_max(start_pt_num + n_count)); 
minjDt = LowPass_s_polarization(s_turning_pt_min(end_pt_num + n_count)); 
LowPass_s_polarization_Normalize(n_temp)= 
(LowPass_s_polarization(n_temp}-minjDt)/(max_pt-min_pt); 
sjDolarizationjDhase_angle(n_temp) = asin(LowPass_s_polarization_Normalize{n_temp)*2-1 )*180/pi; 
s_polarization_phase_angle(n_temp) = 180 - s_polarization_phase_angle(n_temp); 
s_polarization_phase 一 a n g l e ( n _ t e m p ) = n_count*360 + s_polarization_phase_angle(n_temp); 
end 
if n_count ~= No_of_period-1 
for n j e m p = (s_turning_pt_min(end_pt_num + n_count)+1):(s_turning_pt_max(start_pt_num + n一count 
+ 1)-1)； 
max_pt = LowPass_sjDoIarization(s_turning_pt_max(startjDt_num + n_count+1)); 




asin(LowPass_s_polarization 一 Normalize(n_temp)*2-1 )*180/pi; 
s_polarization_phase_angle(n_temp) = (n_count+1)*360 + s_polarization 一 phase 一 a n g l e ( n _ t e m p ) ; 
end 
else 




if s ta r t j s_m in == 1 ； 
for n_count = 0:No_of_period-1; 
for n_temp = s_turningjDt_min(start_pt_num + n_count):s_turning_pt_nnax(endjDt_num + n_count); 
max_pt = LowPass_s_polarization(s_turning_pt_max(end_pt_num + n_count)); 
min_pt = LowPass 一 s _ p o l a r i z a t i o n ( s 」 u m i n g _ p t j T i i n ( s t a r t _ p t _ n u m + n 一 c o u n t ) ) : 
LowPass_s_poIarization_Normalize(n_temp)= 
(LowPass_s_polarization(n_temp)-min_pt)/(max_pt-min_pt); 
s_polarization_phase 一 a n g l e ( n _ t e m p ) = asin{LowPass_s_polarization_Normalize(n_temp)*2-1)*180/pi; 
s_polarization_phase_angle(n_temp) = s_polarization_phase_angle(n_temp) + n_count*360; 
end 
if n_count ~= No_of_period-1 
for n J e m p = (s_turning_pt_max(end_pt_num + n_count) + 1):(s_turning_pt_min(start_pt_num + 
n_count + 1) - 1 ) ; 
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max_pt = LowPass_s_polarization(s_turningjDt_max(encljDt_num + n_count)); 





s_polarization_phase 一 a n g l e ( n 一 t e m p ) = 180 - s_polarization_phase_angle{n_temp); 
s_polarizationjDhase_angle{n_temp) = s_polarization_phase 一 a n g l e ( n _ t e m p ) + n_count*360; 
end 
end_point_ch3 = (s_turning_pt_min(start_pt_num + n 一 c o u n t + 1) -1) ; 
else 






%pointwise substraction and averaging 
t=1： 






%Phase difference between two polarizations 
MeanPhaseValue = mean(phase_value); 
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Appendix B Mathematical expressions for calculating the phase angle in 
the experiment of SPR biosensor using the Photoelastic Modulation 
Technique 
For an un-polarized beam (L)，with intensity IQ, upon passing through the first 
polarizer (P) oriented at 45。，the optical output (L') may be related to the input using 
the matrix equation L，= PL. Where 
"1 0 1 oiri 1 r r 
0 0 0 0 0 I , 0 L'= PL = ^ = ^ (*) 2 1 0 1 0 0 2 1 
0 0 0 0 j | _0 j |_0_ 
For the PEM (Po) with retardation axis oriented at 0° 
' 1 0 0 0 
0 1 0 0 
Po = 
0 0 COS A s in A 
0 0 - s in A cos A 
When the beam goes through the PEM, the output (L") becomes L" = PQL', where A = 
Ao sintyt with Ao being the depth of modulating and co {oo = 42kHz) being the 
modulating frequency of the PEM's time varying phase retardation. 
For a sample (X)，with retardation magnitude (6, i.e. A(j) in the case of SPR) and fast 
axis making an angle p relative to a reference horizontal axis, the sample can be 
represented by the following Mueller matrix: 
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厂 1 0 0 0 1 
0 cos(4/?) sin' ( - ) + cos' ( - ) sin(4p) sin' ( - ) 一 sin(2p) sin 5 
V — 2 2 L 5 5 5 0 sin(4p)sin^(—) - cos(4p) sin^ (—) + cos^ (—) C0s(2yC»)sin<^  
0 sin(2/7)sin^ -cos{2p)smS cos J 
Accordingly the Mueller matrix for the first quarter-wave plate oriented at -45° 
"1 0 0 0" 
0 0 0 1 
QI = 
0 0 1 0 
_0 - 1 0 0 
Also, for the second quarter-wave plate oriented at 0° 
" l 0 0 0 " 
0 1 0 0 
Q2 = 
0 0 0 1 
_0 0 - 1 0_ 
For the analyzer oriented at -45� 
“ 1 0 - 1 0 " 
1 0 0 0 0 
A = — 2 - 1 0 1 0 
0 0 0 0 
By apply the same technique as described in (*), i.e. S = AQ2XQ1P0PL, the Stokes 





I = total intensity 
Q = difference in intensities between horizontal and vertical linearly polarized 
components 
U = difference in intensities between linearly polarized components oriented at +45� 
and -45� 
V = difference in intensities between right and left circularly polarized components 
In our case, we only need to know the value of I in S. The light intensity reaching the 
detector is: 
/ I J) + sin A sin(2 p) sin + cos A cos(2 p) sin 5 
Expanding sinA and cosA into two Bessel functions i.e. 
sin A = sin(Ao sin co?) = 27, (A�)sin cot + (A�)sin(36;/)+... 
cos A = cos(A�sin cot) = J � ( A � ) + (A�)cos(26^)+ 2 人(A�)cos(4(i?力 +. . . 
and substituting into the equation for Id we get 
J r V . 
= 1 + JQ (A。)COS(2 p)sin 5 + 27, (A�)sin(2p)sin 5 sin cot + (A�)cos(2p)sin 5 cos(26)/)+... 
from the above equation, we can extract the information of the fundamental and 
harmonic terms, which are represented as lF[sin((i;r)]and 2F[cos(26；/)]. 
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After rewriting the equation of Id and assuming linear response of the detector, i.e. 
detector output voltage (VD) is directly proportional to ID： 
Vd = Vdc + 厂If s i n � + V^p cos(26y/)+... 
where 
Vdc [l + «/�(A�)cos(2p)sin 到 
Kr =-^J,(A,)sin(2p)sinS 
Kf 
and K is an instrument constant through which the detected signal is related to the 
light intensity. 
The IF and 2F signals are obtained using a lock-in amplifier with the reference input 
taken from the modulation signal driving the PEM. The multiplication factor -Jl 
comes from the fact that the lock-in amplifier provides a root mean square value 
instead of the signal amplitude. To simplify the equation by setting Jo(Ao) = 0，we 
foundAo = 2.4048. Then Ji(Ao) = 0.5192 and J2(Ao) = 0.4318，which are directly 
related to modulation depth and can be adjusted easily by varying the PEM driver 
signal. The value for Vdc then becomes 
In order to obtain the retardation angle 5，the ratios between VIFA^DC and V2FA^DC are 
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considered. 
Vdc = V2y, (A�)sin(2p)sin S = sin(2p)sinS 
及2 =厂2尸 / 厂DC 二 V 2 ( A Q )cos(2yc>)sin S = A2 cos(2p)sin<^ 
If we assume 4 = VJ«A(A�) = 0.7343 and 為=：Vi/2(A�) = 0.6170，then the 
retardation angle 6 is obtained as 
r. . -1 f 及1 1 f 及2 ) S = sm — + — 
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Appendix C Relationship between Concentration and Refractive Index of 
Glycerin-Water Mixture 
The table gives the refractive index of glycerin-water mixtures in weight ratio. All 
data refer to a temperature of 20°C. The refractive index (n) of aqueous solution of 
glycerin with increasing glycerin concentration was assumed to be identical over the 
whole wavelength region under investigation [61]. 
CH2OHCHOHCH2OH 
Molecular weight = 92.09, 
Relative Specific Refractivity = 1.109， 
Table A Concentration versus Refractive Index of Glycerin-Water Mixture 



















Appendix D Physical Properties of Bovine Serum Albumin 
Bovine Serum Albumin (BSA) [69] 
Molecular weight 66,430 
Fatty Acid Depleted -5.3 
pH of 1% solution 5.2-7 
Optical Rotation [a]259:-61°; [a]264:-63。 
Stokes Radius ⑷ 3.48nm 
Sedimentation constant, S20.W x 1 4 . 5 (monomer), 6.7 (dimmer) 
Diffusion constant, D20.W x 10^ 5.9 
Partial specific volume, V20 0.733 
Intrinsic viscosity, 77 0.0413 
Frictional ratio, f/f。 1.30 
Overall dimensions, A 40 x 140 
Refractive index increment (578nm) x 10'^ 1.90 
Optical absorbance 0.667 
Mean residue rotation, [m，]233 8443 
Mean residue ellipticity 21.1 [<9]209nm; 2O.1[0]222nm 
Estimated a -he l i x , % 54 
Estimated yS-form, % 18 
Appendix A-13 
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